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Tissues of the pupal stage of the Chinese oat silkmoth Antheraea pernyi infected by 
the filamentous fungal pathogen Cordyceps militaris, ATCC 34164, were examined. 
All the laboratory induced infections of the host by the fungal pathogen were 
conducted at 23°C and under a 16:8 light and dark regime. After conidial inoculation 
via cuticular contact, two observable symptoms were noted with 27 out of 60 hosts 
after 15 days, including the appearance of opaque darkened wrinkle cuticle covered 
with white cottony hyphae and mummification of the infected insect body. 
Histological and ultrastructural examinations of the infected pupa revealed that the 
conidia of C. militaris preferentially deposited on the breached cuticle, intersegmental 
gaps and spiracles, and attached swollen conidia were observed to associate with a 
layer of profoundly extended matrix with an unknown biochemical nature. The 
function of this matrix was suggested to be facilitation of the conidial adhesion onto •：“ 
the cuticle surface. Degradation of cuticle was observed in the vicinity of growing 
gemi tubes which was probably caused by degrading enzyme(s) produced by the germ 
tube in order to assist penetration of the cuticle. Inside the insect body, fungal hyphae 
first appeared on fatty tissue 15 days after inoculation and extended to other tissues 20 
days later. Peridial hyphae were found within the whole infected body 20 days post-
inoculation. The invading hyphae eventually substituted almost all insect tissues 50 
days after inoculation, however, no fruiting bodies could be obtained. 
In-vitro growth characteristics of C militaris were studied in five different 
mycological media, and Rabbit Food Medium (RF Medium) was chosen for further 
studies based on the comparative high yield of the fiingus. Typically, 95% of 
C. militaris conidia germinate before 32 hours post-inoculation in Rabbit Food Broth 
(RF Broth), and seven different morphological stages of development were 
recognizable in vitro though similar stages were not observed in the infected host. 
Activities of eight enzymes with possible degrading functions on host tissues, namely 
lipase, esterase, peroxidase, acid phosphatase, p-galactosidase, P-glucosidase, trypsin 
and N-acetyl-p-glucosaminidase, were detectable in in-vitro cultures of C militaris. 
i 
Abstract 
High performance liquid chromatography (HPLC) was employed to quantitate the 
production of cordycepin in vitro and in vivo. Cordycepin was found to be produced • 
by C. militaris grown in RF Broth but was only occasionally detectable in the 
hemolymph of the infected host. Studies on the microbial flora of the healthy and 
infected A. pernyi indicated the absence of other fungal species while different 
varieties of Gram-positive and Gram-negative bacteria were isolated from cuticles of 
healthy A. pernyi and from necrotic tissues of infected hosts. All the bacterial isolates 
subjected to in vitro susceptibility testing against cordycepin revealed that cordycepin 
had no activity against the tested organisms. Our results on the antibacterial activity 
of cordycepin did not concur with findings in the literature and we conclude that 
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Cordyceps species are fungi causing immature death of the insect species of the 
orders Coleopteran, Lepidoptera, Hemiptera and Orthoptera. These insects live in 
diverse habitats, including fresh water, soil, soil surface and aerial location (Seward 
and Tansley, 1922; Bell, 1974; Evan, 1988; Tanada and Kaya, 1990; Grey and 
Barker, 1993). Cordyceps species, like other entomopathogenic fungi, began to 
receive more attention in the 1970s because of its insecticidal ability. It is a 
candidate of biocontrol agents to substitute hazardous chemical insecticides for 
agricultural or domestic use (Bell, 1974; Fuxa and Tanada, 1987; Harpaz, 1987; 
Harper, 1987; Goettel et al., 1989; Samson et aL, 1990). 
In the past, studies on Cordyceps species have been concentrated on their taxonomy 
and ecological significance. Little is known about the events during the infection 
process in tissue or at cellular level and there is a lack of understanding in the 
mycoinsecticidal properties of this pathogen. Therefore, cellular pathology of 
Cordyceps infection has to be studied and used as a framework to set up infection 
model(s) for evaluating Cordyceps infection in general. 
Of the 386 Cordyceps species screened (Wong, 1995), C militaris is regarded as the 
best candidate or representative for setting up an infection model since C. militaris 
was found to account for 30% of the total reported cases of Cordyceps infections. 
Diverse susceptible host types of both larval and pupal stages are appropriate for 
experimental infection studies, including those of Galleha mellonella (Latge and 
Vey，1974), Bombyx moh (Wang, 1993), Antheraea pernyi (Chu, 1987; Koon et al., 
1992; Wang, 1993), Tipula paludosa (Basith and Madelin, 1967)， Callosamia 
promethia (Shador, 1936), Mamestra brassicae (Harada et al., 1995), Philosamia 
cynthia (Sung et al., 1995), and Ouadhcalcarifera punctella (Sato et al, 1994). The 
culture o f C . militaris can be either obtained from the international culture collections 
or isolated from diseased cadavers in many countries, including Africa, Australia, 
China，India, Japan, Korean, North America and Thailand (Chu, 1987; Wang, 1988， 
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1989; Wang et al., 1993; Grey and Barker, 1993; Sato et al., 1994; Wong, 1995; 
Sung et al., 1993;Jung, 1996; Harada et a/.,1995). 
Cordycepin, a mycotoxin isolated from the liquid culture of C. militaris, has been 
proven to exhibit pharmaceutical properties to human (Cunningham et aL, 1951; 
Deitchand, 1977; Patil et al., 1983; Hubbell et al., 1985; Inoue et al., 1986; Hiraoka 
et al., 1988, 1990; Zieve and Roemer, 1988; Poruneloor, 1989; Mathew et al, 1989; 
Montefiori et al, 1989; Aravindan and Vimala, 1991; Muller et al., 1991; Wong, 
1995). C. militaris infected A. pernyi and B. mori are categorized as the superior 
chinese medicinal materials for clinical use in the Orient (Keys, 1976; Chu, 1987, 
Chau, 1988; Liang, 1990; Wang, 1993; Kee, 1993; Wong, 1995; Mu and Kinjo, 
1996). C. militaris is, therefore, supported as the best representative for this studies, 
not only from the . standpoint of mycoinsecticidal properties but also medicinal 
significance. 
In this project, attempts were made to study the morphological, ultrastnictural, 
physiological and biochemical characteristics of C. militaris grown in vitro and 
during its infection to A. pernyi. It was hoped that the findings of this study would 
enrich our understanding of C. militaris infection and contribute to the future use of 
this organism as an insect biocontrol agent in addition to help the future set up of 







VII. LITERATURE REVIEW 
A. Cordyceps militaris infection 
Cordyceps militaris infection is a fungal disease causing the immature death of 
susceptible insects (Sato et al., 1994; Wong, 1995). The infected cadavers are 
usually excavated in the litter Ao horizons of the soil profile of the undisturbed 
forests at 500-1000 m above sea level (Sato et al., 1994; Wong, 1995). C militaris 
infection is roughly about 30% of the total reported incidences of Cordyceps 
infections (Wong, 1995). The infected individuals include both larval and pupal 
stages of those insect orders of Lepidoptera (Wong, 1995), Hemiptera (Wong, 1995) 
and Orthoptera (Wong, 1995). C. militaris infected hosts are usually not excavated 
unless the mature perithecial stromata of pathogen emerge from the dead insect 
mummies to the soil surface. The reported occurrence of C. militaris infection within 
the last decades has increased since a scientific identification system (Mains, 1958; 
Bell, 1974; Kobayasi, 1982; Evans, 1989; Glare and Milner, 1991; Liang et al, 1990; 
Wong, 1995; Jung, 1996) has been established and applied. 
B. The diagnostic criteria for C. militaris infection 
Scientifically, Koch's Postulates (Koch, 1884) can be applied for the diagnosis of 
insect diseases in which isolated pathogens are fitted into the existing classification 
frameworks (Mains, 1958; Bell, 1974; Kobayasi, 1982; Evans, 1989; Glare and 
Milner, 1991; Liang et al., 1990; Wong, 1995; Jung, 1996). C. militaris, as a 
ascomyceteous fungus, has been speciated according to the states of telemorph and 
anamorph (Mains, 1958; Kobayasi, 1982; Wright, 1992), and the two states have 
been used to fulfill the Koch's Postulates for diagnosis of C. militaris infection. 
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1. Telemorphic stage of C. militaris 
The telemorph of C. militaris according to Mains (1958) was as follows: “the 
stromata of C. militaris is clavate rarely furcate, compressed or terete, frequently 
with a longitudinal furrow, 0.8- 7.0 cm long, 2.0 -6.0 mm wide above, orange buff to 
mikado orange, rough above from the apices of the perithecia, with a stipe 1.5- 3.0 
mm thick and central core of the upper ascogenous portion consisting of longitudinal 
parallel to somewhat interwoven hyaline hyphae; perithecia rod, 500-720 x 300-480 
lim, with a wall 20 [im thick, pseudoparenchymatous in section below, consisting of 
more or less parallel outwardly diverging hyphae around the ostiole, embedded at 
right angles to the surface except for apices, in a layer over the upper part of the 
stroma consisting a loosely outwardly interwoven hyphae without a differentiated “ "\ 
cortex; asci narrowly cylindrical, 300- 510 x 3.5- 5.0 |_iw, with a 3.5- 5.0 [im thick 
cap; ascospores filiform, multiseptate, finally breaking into I-celIed fragments, 2.0-
4.5 X 1.0- 1.5 \im. The perithecia of C. militaris are embedded at the right angles to 
the surface, except for the apices, in a soft loose layer consisting of loosely 
interwoven hyphae. There is no well differentiated cortex and the loose tissue 
shrinks on drying so that the perithecia often appear to be only half embedded or 
sometimes superficial”. 
2. Anamorphic stage ofC. militaris 
Petch (1936), Kobayasi (1941), and Liang (1990) have obtained a Cephalosporium-
type species from ascospores of C. militaris. The cultures were characterized with 
simple, cylindrical, lateral conidiophore, hyaline, smooth-walled with a distinct, 
thickened collarette at the apex 0.8 -1.2 x 8.0 -14.0 ^m, conidia in chains, hyaline, 
smooth-walled, spherical, (1.5 - 2.0 jim) or rod, (1.0-2.0 x 1.5- 3.0 ^m). Moreover, 
Basith and Madelin (1967) as well as Liang (1990) have obtained Paecilomyces-
type of C. militaris (CGAC-88-821L) from two different agar media. Conidiogenesis 
is featured at the erect conidiophores arising from the aerial mycelia which bear 
branches with phialides in two to three whorls. The phialides consist of a cylindrical 
4 
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basal parts tapering into a thin neck, leading to the hyaline, smooth walled, spherical, 
(1.5 - 2.0 ^im) or rod-shape (1.0- 2.0 x 1.5- 3.0 ^m) conidia arranged in chains. • 
C. The natural occurrence ofC. militaris infection 
Susceptible insects infected by C. militaris in natural conditions are not uncommon. 
The infection cycle has been postulated early in the 18^ ^ century by Chinese 
herbalists (Saccardo, 1883). The recorded infection cycle of C. militaris has been 
considerably similar to other entomopathogenic fungi: an ascospore lands on the 
cuticle surface of a susceptible host, exerts mechanical force and mediates the 
production of cuticle degrading enzymes for dissolving the cuticle layers. The germ 
tube arising from the ascospore may take several possible routes, including the intact , ‘ ‘ 
cuticle surfaces, wounds, natural openings, trachea and gastrointestinal tract, into the 
host's inner body. The penetrated hypha utilizes the living insect tissues, and at the 
same time substitutes the insect tissue to its fungal biomass and preserves the dead 
host's outer shell in a mummified form. A long, stalk-like, positive phototropic 
fruiting body eventually protrudes from the head of the dead insect mummy if growth 
conditions become optimal for the sexual reproduction of the pathogen. The fruiting 
body mediates the dispersal of the apical bearing ascospores (also known as the 
infective propagules) to encounter another susceptible hosts (Bell, 1974; Latge and 
Vey, 1974; Poinar and Thomas, 1984; Grey and Barker, 1993). The cycle is 
normally completed in 40-70 days (Bell, 1974; Sato et al,, 1994; Jung, 1995; Wong, 
1995) depending on the host species involved. If all the conditions are favorably 
matched, high proportion of tested insects are infected and epizootic is pronounced 




D. The epizootiology of C. militaris infection 
Insect epizootic，analogous to human disease epidemic, is referred to the unusually 
large number of cases of a disease in a host population (Fuxa and Tanada, 1987; 
Evans, 1989; Glare and Milner, 1991; Hajek and Leger，1994). Epizootics of 
Cordyceps infection in natural conditions, like Cordyceps sinensis infecting Hepialus 
oblifurciis in Sichuan Province, Mainland China (Bell, 1974; Gao and Chen, 1992; 
Wang, 1988; Liang, 1990; Dinghua et aL, 1993)，Cordyceps oncoperae infecting 
Oncopera intricata in Tasmania, Australia (Evans, 1988, 1989; Wright, 1992) and 
Cordyceps australis infecting Palothyreus tarsarus in Ghana, Africa (Evans, 1989; 
Samson et al., 1991), show high degree of host specificity. For host non-specificity 
of C. militaris, epizootiological data is very limited until the ad hoc study of 
Quadricalcarifera punctella (Igarashi and Suzuki, 1980; Sato et al., 1994). 
C. militaris has been revealed to develop epizootic in Quadricalcarifera punctella, a 
beech tree defoliator in the northern beech forest in Japan. Igarashi and Suzuki 
(1980) observed that more than 90% of overwintering pupae of Quadricalcarifera 
punctella were infected by C. militaris in the litter Ao horizon of the northern beech 
forest. It was noted that 40-50 pupae/m^ during outbreak years dropped to less than 
one pupae/m^ in the non-outbreak periods. The fruiting bodies of C. militaris were 
observed to emerge to the soil surface in late July to early September. These findings 
suggested that C. militaris developed a specific host relationship with 0. punctella 
and was eligible to be utilized as a mycoinsecticide to regulate the population of this 
beech defoliator to a reasonable level. 
E. The values of studying C. militaris infection 
1. Potential insect biocontrol agents 
The widely publicized environmental concerns and the health risks associated with 
the use of synthetic chemical insecticides have stimulated the development of 
alternatives to substitute environment-unfriendly chemical insecticides within the last 
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few decades. The insecticidal properties of entomopathogenic fungi and its 
commercialized products, for instance, Metarhizium anisopliae- Biocontrol®, • 
Biomax®，Combio®, Metabiol®，Metapol® and Metaquino®; Beauveha bassiana-
Boverin®; Paeci!omyces lilacinus- Biocon®; Verticillium /ec:am‘/-Vertalac®， 
Mycotal® and Thripal®; and Hisutella thompsonii- Mycar® (Betz et al, 1989) have 
been addressed for over 40 years. The newly characterized mycoinsecticidal 
products are steadily expanded. C. militaris as one of the entomopathogenic fungi 
has been screened for its insecticidal features as agricultural insect pests in a 
laboratory o fTa iwan during the late 1980s (Wang, 1988, 1989). 
Commonly found agricultural insect pests and insects affecting economic values of 
agricultural products including Ostrinia furnacalis, Ephestia cautella, Alissonotum 
.. . • 
impressicolle, Melanotus tamsuyensis, Anomala expensa, Dorythenes hydropicus, 
Bombyx mori, Daphuis nehi, Corcyra cephalonica, Argyroploce schistaceana, 
Plutella xylostella, Heliothis armigera, Sesamia inferens Pieris rapae crucivova, 
Psedualetia loreyi, Pareba vesta, Crocidalmonia binotalis, Theretra silhetensis, 
Oryctes rhinoceros, Spodoptera litura, Corcyra cephalonica Argyroploce 
schistaceana Amsacta lactinea, Notolophus australis posticus, Homona coffearia and 
Andraca bipunctata (Wang, 1988，1989) were selected and undertaken an infection 
experiment at defined conditions. The findings suggested that 9/29 tested insects 
developed C. militaris infection. Pests of D. nerii, C. cephalonica, A. schistaceana, 
P, xylostella, H. armigera, S. inferens and P. rapae showed gross infection of 
Cordyceps mycosis. Parasitization population, in general, were less than 12.0 %. 
However, C. cephalonica and A. schistaceana gave better parasitization index of 
about 30.0% and 42.9% respectively (Wang 1988, 1989). 
Although insecticidal ability of C. militaris is not as impressive as some of the 
agricultural pests which can be as high as 90% by Metarhizium anisopliae or 
Beauveha bassiana (Betz et al., 1989, Sato et al., 1994，Wong, 1995). It is effective 
in causing lethal damage to some human disease carriers, such as Culex pipiens, 
Aedes aegypti and Aedes atropalus, which are accountable for a significant high level 
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of morbidity and mortality in some developing countries (Load and Fukuda, 1988; 
Wong, 1995). 
2. Exploitation ofmedicinal values 
(i) Chemical constituents 
C. militaris infected cadavers, like other Cordyceps diseased insect, have been 
classified as the superior class of medicinal materials having beneficial effect to cure 
human underlying diseases (Seward and Tansley, 1922; Keys, 1976; Kee. 1993: 
Wong, 1995; Mu and Kinjo, 1996). In fact, the medicinal values of C. militaris 
infected insects have not been scientifically proven until the studies by Cunningham 
and associates (1951), Who had successfully characterized a secondary metabolite, 
called cordycepin, from the culture filtrate o f C . militaris. 
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(ii) Pharmacological action 
Cordycepin, regarded as the mycotoxin produced during C. militaris infection 
process，has been the first naturally isolated nucleoside analogue (Cunningham et al., 
1951). It is initially found to have antibacterial effect on Bacillus subtilus. Later, a 
whole range of studies on cordycepin indicated that this compound is noted to be 
taken up rapidly by bacterial, plant and mammalian cells and phosphorylated to 3 'd-
ATP, incorporated into growing RNA chains and because of the absence of the 3 ' -
hydroxyl acts as a chain terminator, the analogue eventually affects wide varieties of 
other intracellular processes. The more direct effect of this compound is its ability to 
inhibit the syntheses of DNA, RNA and protein in all biological systems. 
Cordycepin is, therefore, considerably employed as an anti-bacterial growth agent 
(Cunningham et al., 1951; Glazer and Kuo, 1976; Patil et al., 1983; Inoue et al； 
1986; Zieve and Romer, 1988; Aravindan and Vimala, 1991). 
Another intracellular effect of cordycepin is its protein kinase activities. Cordycepin 
is a competitive inhibitor of all protein kinases, including cycle nucleotide-
independent nuclear protein kinase (PK-I and PK-II) prepared from rat hepatoma and 
Ehrlich ascites tumor cells. Cordycepin suppresses phosphorylation o fcase in by PK-
I and PK-II within range to be cytotoxic to tumor cells (Novel and Leroy, 1980; 
Glazer and Kuo, 1976). 
Recently, cordycepin has been reported to enhance radiation-induced cell killing and 
inhibit the repair of potentially lethal damage (PLD) in irradiated cells of bacterial 
system- Salmonella TA98, TA 100 (Inoue et al., 1986), Micrococcus radiodurans 
(Patil et al,. 1983); plant system- Glycine max T-219 (Patil et aL. 1983)，and tumor 
cell line- Chinese Hamster V79 cells (Hiraoka et a/.,1988), Ehrlich ascites-tumor cell 
(Hiraoka et al., 1990). The inhibitors of PLD repair are of great importance in 
radiotherapy of human cancer because the sensitivity of the human cancer cells to 
therapeutic irradiation is conceivably determined by the repair capability for PLD 
induced by the irradiation (Hiraoka et al., 1988，1990). Cordycepin is, hence, 
employed to sensitize nonradiocurable cancer cell and also used to inhibit the 
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development of secondary cancers which are sometimes initiated by the therapeutic 
irradiation. Cordycepin used as a PLD-repair inhibitor in radio-therapy of cancer has . 
been strongly recommended. 
Studies on the inhibitory effect of cordycepin to reverse transcriptase activity of 
human immunodeficiency virus, type I (HIV RT) have received much attention 
during the last two decades. Cordycepin and cordycepin analogues are potent 
inhibitors of HIV replication. The inhibition is due to an interference of cordycepin 
and its analog with the binding of the HIV RT to the tRNA ^^' ^ This tRNA ^^' " has 
recently been demonstrated to be the primer for RT in the HIV system. Cordycepin 
and cordycepin analog, therefore, might have potential therapeutic values for the 
treatment of acquired immunodeficiency syndrome (AIDS) (Montefiori et al. 1989. 
. , -
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VIII. MATERIALS AND METHODS 
A. Pathogen culture establishment 
1. Source ofpathogen and strain maintenance 
The fungal pathogen, Cordyceps militaris ATCC 34164 obtained from American 
Type Culture Collection, was originally isolated from C. militaris infected butterfly 
pupa in Canada. The strain obtained in lyophilized form and stored in vacuum vial 
was rehydrated with sterile distilled water and cultured. The stock of culture was 
kept frozen in duplicate sets in glycerol at -20°C. The working stocks were 
subcultured from the stock and incubated at 23^C aerobically. . 
2. Selection of the artificial medium for C. militaris 
The growth medium selection were dependent upon the colonial diameter and conidia 
production of C. militaris on five mycological media (Shanor，1936; Basith and 
Madelin 1967; Latge and Vey, 1974; Chu, 1987; Wang,1988, 1989; Chi and Ma, 
1988; Liang, 1990;Koon et al., 1992; Sung et al, 1993, 1995;Harada et al, 1995). 
(i) Colony diameter 
A mycelial disk of C. militaris (6 mm in diameter each) was inoculated in the center 
of a Petri dish containing the mycological medium. Five different media were used, 
namely Malt Extract Agar, (ME Agar) (Oxoid 37), Potato Dextrose Agar, (PD 
Agar)(Oxoid 139), Sabouraud Maltose Agar, (SM. Agar) (Oxoid CM41a), Sabouraud 
Dextrose Agar (SD Agar) (Oxoid CM41) and ‘ Rabbit Food Agar, (RF Agar). The 
cultures were incubated at 23 °C in dark for 28 days. The radial growth of fungal 
colonies was measured every four days and the mean value of ten replicates was 
determined. 
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a The preparation ofRFAgar 
Twenty five grams of rabbit food pellet (PMI Feed Inc. No. 5326, Table 1) were 
added to 500 mL distilled water and boiled for 1/2 hour. The mixture was filtered 
through 3 layers of cheesecloth. The filtrate obtained was then mixed with 1.5% agar 
powder (Oxoid L13) and made up to 1 liter distilled water, with pH adjusted to 6.20 
土 0,02，and subsequently autoclaved sterilized with steam at 20 psi for 15 minutes 
before plate pouring. 
(ii) Enumeration of conidia 
Cultivation of the pathogen in agar medium was the same as part A section 2 (i) in 
which mycelial disks were inoculated into the five selected mycological media with 
ten replicates at same physical conditions. The procedures for conidia enumeration 
were according to Bidochka and associates (1987). Two randomly chosen culture 
plates of each medium which were incubated for 7, 14, and 21 days were flooded 
with 5 mL sterilized 0.01% Tween 80 and conidia suspensions were obtained by 
aseptic scraping of the whole agar surface. The conidia suspension, after sonication 
(47 kHz, 30')(Bransonica), was filtered via 4 layers of cheesecloth to remove debris. 
The treated conidia suspension of 0.02 mL each was examined in a haemocytometer 
and the density calculated by the method stated below. The mean value of ten 
replicates was determined. 
Total number of conidia counted in 5 squares 
Number of conidia = 
X Dilution factor X Volume correction factor 
Where Dilution factor = 200 
Volume correction factor = 50 
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3. Examination of the morphological features of C. militaris in the 
selected agar medium ofRF agar 
Ten RF agar disks were individually inoculated with a loopful of conidial suspension 
(10^ conidium/mL) and covered with cover-slips. Agar disks with cover slips were 
then incubated at 23^C in dark until examination. During daily examination, a cover 
slip of one sample was removed and the agar disk was stained with lactophenol 
cotton blue for examination under a light microscope (^ikko, FX-35 A). 
B. Host species establishment 
1. Source ofhost species and laboratory rearing 
Female pupae of Antheraea pernyi were selected for the infection experiments as 
other workers have chosen (Chu, 1987; Chau and Ma, 1988; Liang, 1990; Koon et 
al., 1992; Wang et al., 1993). A. pernyi was reared to pupal stage in a commercial 
insectary in Jilin province of Mainland China. A mature and healthy pupa was oval-
shaped, light brown to brown in color, 7.20- 9.30 g in weight and 38.05- 44.82 mm in 
height (Head: 14.69-18.61 mm, Thorax: 6.42- 8.50 mm, Abdomen: 14.19- 19.22 mm, 
n=50). The pupae were transported to Hong Kong with the assistance of the 
Guangdong Entomological Institution (GEI), China and the Agricultural and 
Fisheries Department (AFD), Hong Kong. The pupae with intact cocoon were 
normally kept at 4 ^C until use. The number of unfit pupae increased when they were 
stored at this temperature for more than 1/2 year. 
2. Assessment of viable insect population 
Thirty surface-sterilized (70%, 2 minutes) pupae by alcohol were individually placed 
in nutrient agar slants and incubated at 23 ^C, with 16:8 light and dark photoperiod 
for 40 days. Successful sterilization was issued when no growth on the agar slants 
was observed. A group of thirty surface non-sterilized pupae was kept in the same 
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physical conditions as control. The pupae in both groups were daily inspected and 
measured. Measurement of the viable insect population was primarily based on “ 
visual inspection to record the number(s) of pupae becomingl) necrotic/ 
contaminated by bacteria; 2) contaminated by fungi; and 3) adults during 50 days' 
incubation. 
Tissue necrosis or bacterial contamination of the pupae was confirmed when there 
were liquefied tissues in the abdominal segment of the infected body or bacterial 
growth on the agar slants in the containers (Bell, 1974). Fungal contamination was 
identified when visible fungal mycelia covered more than 10 % of cuticle surface or 
the solidified body segment was detected (Bell, 1974). C. militaris growth were 
verified by comparing the morphological characteristics of the standard strain in agar 
medium (see part A section 3) and the enzymes profile of API ZYM system (see part ‘ 
C section 3 (iv)). Adults were referred to the moths that emerged from pupal casts. 
C. The biological characteristics of C militaris in RF Broth 
1. Methods for the cultivation of C. militaris in RF Broth 
(i) Pathogen inoculum and culture medium 
C. militaris was cultured in RF agar at 23 ^C for 21 days. Conidia were harvested by 
the techniques previously mentioned in part A section 3. A conidia suspension of 10^ 
/mL was prepared and used as inoculum for the infection experiments. 
The selection of liquid medium was basically dependent upon the findings of the 
selection of agar medium for the pathogen (see part A section 2 (i) and (ii)). RF 
Broth was selected based on experimental findings reported in the Results Section. 
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(ii) Culture conditions 
Ten milliliters of the RF Broth dispensed into 60 mL universal bottle was autoclaved 
with steam at 20 psi for 15 minutes, cooled, and 1 % conidia suspension (0.1 mL, 10) 
conidia/mL) was inoculated. The prepared cultures were shaken at 100 rpm at 23^C 
with 16: 8 light and dark regime for 20 days. All the in vitro experiments followed 
the same growth conditions unless otherwise stated. 
2. Techniques for harvesting 
For purity examination, culture were randomly selected and stained with lactophenol 
cotton blue. Those cultures different from the morphological characteristics recorded ‘ 
in part A section 3 were regarded as contamination and disposed. The pure cultures 
were filtered via 0.2 ^m polycarbonate membrane filter (Schleicher & Schuell Co. 
Ltd). The mycelial mats retained on the filter paper were analyzed for biomass and 
intracellular enzymes activities of C. militaris (see part C section 3 (iii) and (iv)) 
whereas the cell-free filtrate was used for the assay of extracellular enzymes and 
cordycepin of the pathogen (see section 3 (iv) and (v)). The cultures stained with 
lactophenol cotton blue were readily assessed for germination and morphological 
developments (see section 3 (i) and (ii)). 
3. Methodologies of various assessments 
(i) Germination 
The germination test was conducted according to methods described by Hywel-Jones 
and Sivichai (1995) and Bidochka and co-workers (1987). The number of 
germinating conidia was counted and recorded at every 2 hours for 50 hours with the 
aid of l ight microscopy (xlOOO). For each sampling, at least 25% o f t h e total number 
of conidia on the slides were counted and considered germinated if the germ tubes 
were longer than the conidial width. The mean value of 10 fields was determined. 
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(ii) Morphological developments 
Culture samples stained with lactophenol cotton blue were examined microscopically 
and the conidia with different developmental classes were grouped. The description 
of each developmental class were slightly modified from that of Bidochka and 
associates (1987). 
(iii) Biomass increase 
Three sampled cultures were filtered via preweighed polycarbonate membrane filters 
(0.2 ^im pore size, Schleicher & Schuell Co. Ltd.) and the dry weight (mean value) . ‘ 
o f t h e residue was determined after drying at 60^C for 24 hours. • 
(iv) Key enzymes profile 
a. Inocula preparation 
1. Extracellular enzymes 
The daily collected culture filtrates were divided into 0.2 mL aliquots and kept frozen 
until analysis. Moreover, the inocula after dialysis (200 vol, 4 ®C, 24 hours) were 
also used for the determination of enzymatic reactions (Leger et al., 1986a-c). 
2. Intracellular enzymes 
Intracellular enzymes were extracted from the daily filtered mycelial mats of 
C militaris by grinding with 0.5% phenylmethylsulfonyl fluoride (Sigma) buffered 
with phosphate citrate buffer, pH 5.7 in ice. The supematants after centrifugation 
(13，000 g, 5 min) were kept frozen until used (Leger et al, 1986a-c) 
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b. Preliminary screening 
The enzyme profile of C. militaris was preliminary screened using 20 designated 
enzymatic reactions in API ZYM strip (bioMerieux. Vitak. Inc.) (Table 2a). Twenty 
microtubes each containing respective substrates for detection of the various 
intracellular and extracellular enzymes were inoculated with 150 ^iL daily culture 
filtrate or dialysates. The inoculated APIZYM strips were incubated at 37 °C for 4 
hours. Enzyme activities were determined by the development of specific color in 
the designated microtubes in comparison to the provided colour chart (bioMerieux. 
Vitak. Inc). The degree of colour development corresponded to the nmoles of 
specific enzyme activities in the defmed conditions. The developed colour by each 
enzyme against its substrate was also measured quantitatively by spectrophotometer 
(Beckman, DU650) in a defined wavelength (see part C, section 3 (iv) dl-8). •‘“ 
c. Procedures for quantitative measure ofselected enzymes 
Based on positive results obtained from the qualitative screening, quantitative 
measurement of the enzymes was conducted using 0.05 mL of culture filtrate or 
dialysate inoculated into 0.2 mL assay mixtures containing the specific substrate of 
an selected enzyme (see part 3 section (iv) d.l-8), and incubated at 37 ®C for a 
defmed time interval (see part 3 section (iv) d.l-8). ENY A and B (bioMerieux. 
Vitak. Inc) o f 0 . 0 1 mL each was added into each mixture for color expression after 
incubation. The developed colour was then measured spectrophotometrically at its 
corresponding optical density (see part 3 section (iv) d.l-8). Standard curves were 
constructed for each enzyme using different ranges o fenzyme concentrations. 
The specific intracellular activities were calculated as the unit of activity/mg protein 
o f t h e cellular extract, whereas the specific extracellular enzymes were expressed as 
the unit ofactivity/mg protein of the culture filtrate. 
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d. Eight selected key enzymes 
1. Esterase 
The assay mixture containing 2-naphthyl butyrate (0.05 mL, 0.5% (v/v)) with borate 
buffer (10 mM, pH 8) as substrate and each of the above-mentioned tested samples 
was incubated at 37 °C for 8 min. Enzyme activities were measured 
spectrophotometrically at 492 nm. A standard calibration curve for the esterase was 
constructed from 0.1 to 2.5 units of the pure enzyme with 6 increments. 
2. Lipase 
The assay mixture containing 2-naphthyl caprylate (0.05 mL, 2.5 %(v/v)) as substrate -
and each of the above-mentioned tested samples was incubated at 37 ^C for 10 min. 
Enzyme activities were measured spectrophotometrically at 492 nm. A standard 
calibration curve for the lipase was constructed from 900 to 1500 units of the pure 
enzyme with 7 increments. 
3. Peroxidase 
The assay mixture containing hydrogen peroxide solution, (0.05 mL, 0.42 % (w/v)) 
and pyrogallol solution (0.025 mL, 5 % (w/v)) as substrates and each of the above-
mentioned tested samples was incubated at 37 ^C for 8 min. Enzyme activities were 
measured spectrophotometrically at 450 nm. A standard calibration curve for the 
peroxidase was constructed from 0.1 x 10 '^  to 6.5 x 10 •] units of the pure enzyme 
with 7 increments. 
4. Acid phosphatase 
The assay mixture containing 2-naphthyl phosphate (0.05 mL, 10 mM) with citrate 
acid (0.05 mL, 90 mM, pH 4.8) as substrate and each of the abovementioned tested 
samples was incubated at 37^C for 15 min. Enzyme activities were measured 
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spectrophotometrically at 630 nm. A standard calibration curve for the acid 
phosphatase was constructed from 0.2 x 10 '^ - 6.5 x 10 '^  units of the pure enzyme • 
with 5 increments. 
5. P- galactosidase 
The assay mixture containing 2-naphthyl-p,D-galactopyranoside (0.05 mL, 50 mM) 
with sodium phosphate solution (100 mM, pH 7.3) and magnesium chloride (0.02 
mL，30 mM) as substrates and each of the abovementioned tested samples was 
incubated at 37 ^C for 15 min. Enzyme activities were measured 
spectrophotometrically at 492 nm. A standard calibration curve for the p_ 
galactosidase was constructed from 1.25 to 10.0 units of the pure enzyme with 5 
increments. • 
6. N-acetyl-p-glucosaminidase 
The assay mixture containing 1-naphthyl-N-acetyl-pD-glucosamide (0.05 mL, 
lOmM) and 0.05 mL buffer (100 mM citrate buffer with 200 mM sodium chloride 
and bovine serum albumin pH 5.0) as substrates and each of the abovementioned 
tested samples was incubated at 37 ®C for 20 min. Enzyme activities were measured 
spectrophotometrically at 450 nm. A standard calibration curve for the N-acetyl_p_ 
glucosaminidase was constructed from 0.16 x 10 "^  to 5 x 10 '" units of the pure 
enzyme with 5 increments. 
7. Trypsin 
The assay mixture containing N-benzoyl-DL-arginine-2-naphthylamide (0.05 mL, 10 
mM) with sodium phosphate solution (67 mM, pH 7.6) as substrate and each of the 
abovementioned tested samples were incubated at 37^C for 15 min. Enzyme 
activities was measured spectrophotometrically at 405 nm. A standard calibration 
curve for the esterase was constructed from 0.75 to 25 units o f t h e pure enzyme with 
8 increments. 
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8. p- glucosidase 
The assay mixture containing 6-Br-2-naphthyl-pD-glucopyranoside (0.05 mL, 50 
mM) with sodium phosphate solution (100 mM, pH 7.3) as substrate and each of the 
abovementioned tested samples was incubated at 37°C for 15 min. Enzyme activities 
were measured spectrophotometrically at 492 nm. A standard calibration curve for 
the esterase was constructed from 1.25 to 10 units of the pure enzyme with 6 
increments. 
e. Total protein analysis 
Sample of 0.2 mL of the 10-fold diluted culture filtrate or the neat concentration of 
the dialysate was added to 2.2 mL Biuret reagent (Sigma). The mixture was allowed 
to stand at 23^C for 10 min before the addition of 0.1 mL Folin-Ciocalteau reagent 
(Merck), the fmal mixture, after 30 minutes ' reaction at room temperature, was 
measured at 550 nm. Albumin solutions (0.1- 1.0 g/L，5 increments) were prepared 
for the standard calibration curve. 
(v) Quantitation of Cordycepin 
a. Standard, mobile phase and reagents 
The pure cordycepin used to construct the standard calibration curve was purchased 
from Sigma (St. Louis, USA), originally produced by C. militaris and came in the 
form of a sodium salt. The UV absorption maximum for cordycepin was 260 nm 
(Shiao et al., 1994). The mobile phase, 15 % methanol in 0.01M O^H4)H2PO4 was 
filtered and degassed prior to use (Shiao et al., 1994). The deproteinated reagent was 
acetonitrile (HPLC grade) f rom Merck (Darmstadt, Germany). Double distilled 
water was used throughout the study. 
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b. High performance liquid chromatography (HPLC) apparatus 
Reversed phase HPLC was utilized. The system consisted of a 2150 HPLC pump 
(LKB Products, Sweden), a 7128 sample injector (Rheodyne Inc.USA), 2151 
variable wavelength monitor (LKB) and 2210 dual channel chart recorder (LKB). 
The stationary phase was an Ultropac Lichrosorb RP-18 column (250 mm x 4 mm, 
10 |_im)(LKB). The mobile phase was delivered at a flow rate of 1.0 mL/ min. The 
monitor wavelength was set at 260 nm (Shiao et al, 1994). The chromatograms 
were recorded with a pen chart recorder at a chart speed of 2 mmAnin. 
c. Assay procedures 
Sets of selected C_ militaris growth medium of 0.099 mL (see section C part 1 (i)) 
were spiked with 50, 25,12.5, 6.25, 3 and 1.5 mg/L of pure cordycepin (0.011 mL) 
and deproteinated with equal volume of acetonitrile. Aqueous standards of 
cordycepin at similar range of concentrations were also prepared. The clear 
supernatant (20 ^iL each) of the deproteinated samples after centrifugation (13,000g, 
5 minutes) was injected for analysis. The stability of cordycepin in culture broth 
before and after deproteination was assessed by analyzing spiked samples stored at 
- 2 0 V , 4°C at intervals of 1, 7，14 and 28 days after spiking (Chan et al., 1986, 
1989). 
Samples (0.1 mL daily collected culture filtrate (see section C part 1 (i))/ 0.1 mL 
daily collected cellular extract of C. militaris in 0.1 M phosphate buffer, pH 5.6) 
were deproteinated by adding an equal volume of acetonitrile. The mixtures were 
centrifuged at 13,000 g for 5 min, 20 pL of the clear supernatant was then injected 
into the HPLC system. The analysis time was between 12-15 minutes. 
The amount of cordycepin in the daily collected culture filtrate and cellular extract of 
C. militaris was calculated based on the peak heights with external standard 
quantitation. Percentage recoveries were determined by comparing the results 
obtained from the aqueous standards and the spiked pure culture broths. The 
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detection limit of the assay was defined as the concentration of the cordycepin giving 
a peak height greater than or equal to three times the height of the chromatographic • 
baselines (Chan et al., 1986,1989). 
D. C. militaris infection process 
1. Sterilization of insect host, Antheraea pernyi 
The pupae removed from dissected cocoon were surface sterilized with 70% ethanol 
for 2 minutes at room temperature, and air-dried in a sterilized flat container. The air 
dried samples were then used for the infection experiments. 
2. Criteria for eliminating unfit pupae for the infection experiments 
All the freshly prepared pupae were visually inspected and the morphological 
characteristics were recorded. Pupae with morphological aberrations such as 
abnormal small size, unusual dark pigmentation, symptomized fungal or bacterial 
infection were eliminated. 
3. Techniques for inducing infection 
Three different methods for the induction of C. militaris infection to its host were 
attempted, these included cuticular contact, dipping, and injection. 
(i) Cuticular contact 
C. militaris was cultured on RF agar at 23°C, with 16:8 light and dark regime for 14 
days to produce a fungal lawn. Seventy sterilized pupae were individually placed 
onto the fungal lawn and incubated for another 24 hours. An oval-shaped pupa was 
estimated to have more than 30% of its cuticle in direct contact with the conidial 
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lawn and the contact points were increased if the pupa had movements of any kind 
during the incubation period. Each of the treated/infected pupae was then transferred • 
to a sterilized container for further incubation at the same physical conditions for 
close monitoring of the progress of disease development. Seventy sterilized pupae 
placing in sterilized agar medium were used as controls. 
Two treated/infected pupae were randomly selected and removed daily at Day 1-3 for 
morphological and ultrastructural examinations. The rest was used to visually 
monitor the development of C. militaris disease until Day 45. 
(ii) Injection 
A conidia suspension (0.01 mL 10 ^ conidia/mL) was aseptically injected through the . 
lateral side of the 2nd segment of the abdomen region from the top into the 
haemocoel. Each of the pupae after injection was placed in a sterilized container and 
incubated at 23^C with a 16: 8 light and dark photoperiod. Pupae injected with 0.01 
mL sterilized distilled water were used as controls. Both pupae from the 
experimental (n=90) and control (n=30) groups were visually examined for the 
development of infection daily for 45 days. 
(iii) Dipping 
Sixty sterilized pupae were dipped individually into 20 mL of broth culture 
containing 10^ conidiaAnL of C. militaris, incubated at 23^C with a 16:8 light and 
dark photoperiod for 24 hours. Pupae dipped in sterilized distilled water were used 
as controls. Each of the pupae from both groups was then transferred to a sterilized 
container for further incubation at the same physical conditions for 60 days. 
The pupae from both groups were inspected daily to monitor the development of the 
disease. Abdominal tissues from both groups of pupae were examined by 
histological sections using light microscopy. 
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4. Assessment of gross infection and the percentage of parasitization 
Assessment of gross infection were primarily based on visual inspection which was 
carried daily to examine the number of pupae that become infected based on the 
diagnostic criteria described previously in part B section 2. The percentage of 
parasitization was calculated as : 
The number of pupae with C. militaris mycosis x 100% 
Total number of treated pupae 
5. Verification of Cordyceps infection 
Verification by culture of Cordyceps infection on the treated pupae was carried out “ 
before histological assessment. The samples were cross-sectioned to score 7-8 
sections from head to abdomen segments and each section was not more than 6-9 mm 
in thickness. Three randomly selected sections were placed on RF agar aseptically 
and incubated at 2 3 ¾ in dark for 5 days. Microorganisms grown on the RF agar 
were identified to be C. militaris based on culture characteristics previously 
described (part A section 3). 
6. Methodologies ofhistological and ultrastructural examinations 
(i) Scanning Electron Microscopy (SEM) 
a. Sample preparation, fixation and dehydration 
The infected pupae using the cuticular contact method were sliced into fragments (ca. 
1 mm thickness) with intact cuticle. The sliced tissues were initially fixed with 2.5 % 
glutaraldehyde in phosphate buffer (pH 7.4) at 4^C overnight, rinsed three times (10 
min each) in phosphate buffer (pH 7.4) with agitation, post-fixed in 2% osmium 
tetroxide in 0.1 M phosphate buffer (pH 7.4) with agitation on the rotator at room 
temperature for 30 minutes, and rinsed twice with distilled water for 15 minutes. The 
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post-fixed tissues were dehydrated with an upgraded series of alcohol in water, 
employing 10 min intervals twice in each of the following concentrations: 30, 50, 70， 
85,95, 100, 100，100%. 
b. Critical point drying 
Thoroughly dehydrated tissues were placed in the chamber of the critical point dryer 
(Ladd, Feron, CRF) and immersed under pressure in liquid CO2 at 561 psi and 3 8 ¾ 
for 5 min. After converting liquid CO2 to gas, the gas pressure was released slowly 
and the treated tissues were ready for mounting. 
c. Mounting - ， 
The treated tissue was glued to a specimen mount (stub)(12 mm in diameter) by a 
double-sided adhesive tape, with the cuticle facing outward. After mounting, the 
specimens were sputter-coated with gold for 30 seconds under vacuum in a sputter 
coater (Edwards, S150 B). 
d. SEM examination 
The sputter-coated specimens were examined under a scanning electron microscope 
at an accelerating voltage of 5 kv (Jeol, JSM-6310F). Images were recorded on a 
image analyzing system (Quantimat 500 +) and printed on Kodak paper. 
(ii) Transmission Electron Microscopy (TEM) 
a. Sample preparation, fixation and dehydration 
The procedures of sample preparation, fixation, post-fixation and dehydration for 
TEM were identical to those for SEM which were above mentioned in part D section 
6 (i). An additional step of dehydration using propylene oxide (twice, 10 min. each) 
was used to treat the specimens after the alcohol dehydration steps. 
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b. Infiltration 
Spurr, low viscosity and lower formula weight components, was employed as the 
embedding medium. The dehydrated tissues were initially immersed in freshly 
prepared 25 % spurr in propylene oxide, and agitated on a rotator at room 
temperature for 1 hour. Increased concentration of spurr (50% in propylene oxide) 
was infused gradually into the tissues with 2 hours rotation at room temperature, and 
finally the specimens were placed in several changes of 100% spurr at the same 
conditions for another 2 hours. The embedded tissues were placed in flat-bottom 
polypropylene capsules, topped with 100% spurr, and allowed to polymerize at 60^C 
overnight. The polymerized blocks were subsequently cooled at room temperature, • 
before sectioning. 
c. Semi-thin sectioning, ultra-thin sectioning and post-staining 
Semi-thin sections (0.5 ^m) of the embedded specimens were cut using a diamond 
knife on a ultramicrotome (Ultracut E Reichert-Jung), and dried on glass slides. The 
sections, after covered with toluidine blue stain (1% w/v in water, pH 11) (Gurr, 
BDH) were heated gently for 2 minutes, and rinsed with water. The stained sections 
were reviewed by light microscopy for preliminary screening. Ultra-thin sections 
(80-90nm) of the same specimen would only be proceeded after positive findings by 
light microscopy. The ultra-thin sections obtained using the same ultramicrotome 
(Ultracut E, Reichert-Jung) were mounted on 200-mesh grids, post-stained with 3% 
uranyl acetate (Merck, Darmstadt, Germany) in 50% ethanol for 10-15 minutes at 
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d. T E M examination 
The sections were examined under a transmission electron microscope (Philips CM 
100) at an accelerating voltage of 80 kv. Images were recorded on a image 
analyzing system (Quantimat 500 +) and printed on Kodak paper. 
(iii) Light Microscopy (LM) 
a. Sample preparation 
Sixty pupae, infected by the injection method as previously mentioned, were divided 
into 12 sets based on the days post-infection at 0, 5,10, 15. 20，25, 30，35, 40, 45, 50 
and 55. The pupae from each set were assessed histologically. The treated pupae 
were cross-sectioned into 6- 7 pieces from the head to abdomen region. The cut 
tissues were denoted as Head 1, Head 2, Thorax 1, Thorax 2, Abdomen 1, Abdomen 
2, Abdomen 3 and Abdomen 4 (depending on the size of individual) with not more 
than 5-7 mm in thickness were prepared. Tissues labeled as Head 2, Thorax 2 and 
Abdomen 2 were served as the representatives and processed histologically. 
b. Fixation and dehydration 
Tissues were initially placed into small metal cassette (3.2 x 2.9x 0.7 cm), fixed and 
degassed in formalin (70% v/v in water) for 3 days, and subsequently dehydrated in a 
tissue processor (2LE Shandon, Schmidt & Co Ltd) using the following programme : 
Solvent Time (hr . ) Solvent Time ( h r ) 
~ ~ I ~ " " 7 0 % Formalin 1 7 ~ " 1 0 0 % Ethanol 2 
~ 2 ~ ~ 7 0 % Ethanol 2 8 Xylene V m 
~~3 95 % Ethanol H 7 2 9 Xylene 2 
~ ~ 4 ~ " 9 5 % Ethanol u J 2 Fo~~Paraff in wax 1 
~ 5 100 % Ethanol VU2 i l ~ ~ P a r a f f i n wax 2 
~~6 1 0 0 % Ethanol 2 U ~ ~ P a r a f f i n wax 3 
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c. Embedding 
Thoroughly dehydrated tissues were embedded in paraffin wax (Paraplast-Plus 
m.p.56^C, Oxford) in an Embedding center (Thermolyne histo-centre 2). 
d. Sectioning and staining 
The wax blocks were sectioned using a rotatory microtome (Reichert-Jung 2035). 
The ribbon of sections, bathing in paraffm-section mounting bath (Electrothermal), 
were picked up from underneath by immersing glass slides coated with 
aminopropyltriethoxysilane. The sections, after dewaxed at 60^C, were differentiated 
by three types of staining, specifically, Periodic Acid Schiff, Grocott Silver Stain as 
well as Haematoxylin and Eosin (Kiernan 1981; Pearse 1990; Bancroft and Stevens 
1990). 
e. LM examination 
The stained section were examined using a photomicroscope O^ikko FX-35 A), 
micrograph were taken using Kodak Iso 100/21 film. 
7. Methodology of HPLC assay for cordycepin in infected host 
Hemolymph and the homogenized tissue extract of infected pupae were analyzed for 
the presence of cordycepin using the HPLC procedure mentioned in part C section 3 
(v) a-c. 
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8. In vitro susceptibility testing of the microbes isolated from A. pernyi 
against cordycepin 
(i) Isolation of microbes from the cuticle surface of healthy A. pernyi 
Five healthy pupae were washed with 20 mL sterilized distilled water thrice 
vigorously. One milliliter of the third wash was added into selective media (see part 
D section 8 (iv)) and spread-plated using a sterilized glass rod. 
(ii) Isolation of microbes from the non-cuticle surface of the healthy A. pernyi 
Five healthy surface-sterilized pupae were homogenized with 20 mL sterilized 
distilled water using an electrical blender. One milliliter of the homogenized tissue 
extract was pipetted into selective media (see part D section 8 (iv)) and spread-plated 
using a sterilized glass rod. 
(iii) Isolation of microbes from the necrotic tissue o f ^ . pernyi 
A loopful of smear from the necrotic tissue o f ^ . pernyi was inoculated into selective 
media (see part D section 8 (iv)) and spread-plated using a sterilized glass rod. 
(iv) Conditions for incubation 
MacConkey Agar (Oxoid CM7) and Blood Agar (Oxoid CM-271) were used for the 
isolation of bacteria and Sabouraud Dextrose Agar (Oxoid CM41) and Potato 
Dextrose Agar (Oxoid CM 139) were used for fungi. RF Agar was also applied for 
differentiating C. militaris isolates. All cultures were duplicated and cultured 
aerobically and anaerobically at 23°C for 2 days. The bacterial and fungal isolates 
were identified using identification methods as indicated in part D section 8 (v) a-b. 
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(v) Identification of microbial isolates o f A pernyi 
a. Fungal isolates 
The identification of fungal isolates was carried out according to the identification 
methods of Hoog and Guarro (1995) which was basically focused on the 
morphological features of isolates in selective agar media or following the 
conventional synoptic key in the literature (Saccardo, 1883; Seaver, 1911; Kobayasi, 
1982). Additional physiological tests including germ tube test, hydrolysis of urea 
and growth on cycloheximide medium and biochemical tests, for instance, 
assimilation and fermentation test on various carbohydrates and its derivatives 
(Elmer and Glenn, 1985) were undertaken on doubtflil isolates for confirmation. 
b. Bacterial isolates 
The identification procedures for bacterial isolates mainly followed those of Barrow 
and Feltham (1995) and of Faddin (1995). Gram's stain was performed as a 
preliminary examination for their morphological characteristics. The examinations 
were extended to the physiological and biochemical properties of the isolates. 
Simple tests including catalase, oxidase, coagulase, lactose fermentation, redox 
reactions were performed. The findings were used to decide the selection of the 
appropriate API system (bioMerieux. Vitak. Inc) for flirther analysis. The strips of 
API and their respective bacterial genera for identification were stated below: 
Strips Genera 
API Staph Staphylococcus, Micrococcus, 
API Strep Streptococcus, Enterococcus, Aerococcus, 
Lactococcus, Listeria 
API 20 E Enterobacteriaceae 
API 20 NE Pseudomonas, Acinetobacter, Flavobacterium, 
Moraxella, Vibrio, Aeromonas 
API CHB Bacillus 
API CORYNE Corynebacterium, Listeria 
30 
V 
MattriaIs and Methods 
(vi) Assay procedures of cordycepin susceptibility testing of isolated microbes 
Agar dilution method was used (Bell, 1974). Cordycepin (4 mg/L to 512 mg/L, 
serial two-fold dilution) were added into iso-sensitest agar (Oxoid CM85). Another 
two sets of plates each containing gentamicin and streptomycin were prepared as 
well. The microbes isolated from A. pernyi were tested against the control strains of 
E, coil ATCC 10418, Staphylococcus aureus ATCC 6571, and Bacillus subtihis. The 
inocula were prepared by growing the organisms overnight at 25^C on nutrient agar, 
and the colonies emulsified in distilled water to give a turbidity which matched that 
o f t h e MacFarland 0.5 standard. A ten-fold dilution of the suspension was inoculated 
into the drug-containing plates using a multipoint inoculator (Dynatch Product) to 






A. Biological characteristics of C. militaris grown in vitro 
1. Selection of the artificial medium for C militaris 
Hyphal extension of C. militaris measured by colony diameter was best on RF agar 
among the five tested mycological media at 23^C (Figures 1 and 2). The average 
colony diameter of C. militaris in ten replicates gave 70.4 土 1.6 m m in diameter on 
Day 20 whereas it gave 34.3 土 2.2 mm, 35.4 土 1.6 mm, 28.0 土 3.1 mm and 29.6 土 3.0 
mm in SM agar, SD agar, ME agar and PD agar, respectively, on Day 28 (Figure 1). 
The results of the conidia production of C. militaris in the above-mentioned media 
were similar. The average number of conidia production on the 21-day-old cultures of 
C. militaris from ten replicates was 1.1 土 2.2 x 10^ on RF agar and 7.7 土 2.0 x 10^, 
9.1 土 0.7 X 106，3.5 土 0.7 x 10 ^ and 7.5 土 0.5 x 10 ^ on SM agar, SD agar, ME agar 
and PD agar, respectively (Figure 2). RF agar was, therefore, the best artificial 
medium for hyphae growth and conidia production of C. militaris and was used as the 
growth medium for all the experiments. 
2. Morphological examinations of C. militaris in RF Agar 
(i) Appearance of C. militaris 
C. militaris in RF agar gave fungal colonies of white and cottony masses. The color 
of the colonies changed from white to light yellow (Figure 3a) and then deep yellow 
because of spomlation. Sporulation was observed on RF agar at 7-21 days after 
inoculation and incubated at 23°C. The rate of extension of C militaris in RF agar 
with ten replicates was 2.3 mm/day 土 0.5 mnVday for the first seven days and 
increased to 5.6 mnVday 土 0.4 mm/day for the next 7 days. It then dropped to 2.7 




Cephalosporium type anamorph of C. militaris was obtained on RF agar (Figure 3b). 
The conidiophore first appeared 6-9 days after inoculation and were characterized by 
its morphological appearances. The conidiophore appeared cylindrical, with a 
slender, erect, smooth-walled hyaline phialide ending to a slightly thickened apex (0.8 
-1.2 X 8- 14 jLun), and extended to a chain of conidia (Figure 3c). The smooth-walled, 
hyaline conidia were arranged with the terminal one being rod-shaped (1-2 x 1.5- 3 
网 )w h i l e the others were spherical (1.5 - 2 ^im). The ratio ofrod-shaped to spherical 
conidia was 1: 13-15. 
(iii) Morphological developments ~-^ ^ 
The developmental stages of C. militaris were identified through the examination of 
its morphological characteristics in RF broth with shaking at 100 rpm and incubation 
at 23°C. The first stage of development was marked by the presence of either a 1.5-
2.0 ^im spherical conidium or a 1.5- 3.0 ^m rod shaped conidium. Stage II was 
marked by the gradual swelling of the conidium to 2.0- 4.5 um in diameter. The 
emergence of the germ tube with a width less than the swollen conidium (4.5 ^m) 
marked stage III. Stage IV was recognized by the extension o f t h e germ tubes either 
unipolar germ tube (Figure 4a) or dipolar germ tube (Figure 4b) of 10.0- 40.0 ^ m in 
length with the presence of 2-3 septa. The formation of appressorium at the terminal 
end o f t h e germ tube (Figure c-d) was also found in this stage and bipolar appressoria 
might also been found with the bipolar germ tubes. Stage V was distinguished by the 
elongation of the germ tube without branching. The formation of mycelial mat 
marked stage VI . Stage VII was indicated by the release o fhypha l bodies of 1.5-2.1 




3. Physiological examinations of C. militaris in RF Broth 
(i) Germination 
On average, 95% of the conidial inoculum germinated within 32 hours after 
inoculation (Figure 5a) in RP broth at 23°C. Half of the population of conidia usually 
germinated within 23 hours and 10-12 hours normally were required for the conidia to 
swell. About 5% of the conidia did not germinate. 
(ii) Biomass and pH of the culture filtrate 
Dry weight of C. militaris grown in RJF broth became measurable at Day 2 after .' 
inoculation. The average dry weight on Day 2 was 2.83 土 0.33 mg (Figure 5b) and 
increased to 352.2 士 10.18 mg on Day 8. The average increasing rate was 67 土 13.19 
mg/day for the first 8 days. The dry weight remained between 340 and 380 mg from 
Day 10 to 20. The pH of the spent culture increased gradually from 5.40 to 8.79 over 
20 days (Figure 5c). 
4. Biochemical examinations of C. militaris in RF Broth 
(i) Key enzyme profiles 
Enzyme profiles of 13-day-old C. militaris culture tested in API ZYM strip at 37 °C 
for 5 hours were examined and positive reactions were obtained from P_glucosidase, 
lipase, esterase, acid phosphatase, P galactosidase, trypsin, peroxidase and N-
acetylglucosaminidase (Table 2b). Total protein content of the cellular extracts and 
culture filtrates were obtained daily (Table 2c) in order to elucidate the specific 
activities of the enzymes. 
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Specific activities of extracellular lipase (Figure 6a) and acid phosphatase (Figure 
6a) in RF broth had an almost ten fold reduction over 20 days post-inoculation. In 
contrast, specific activities of P_ glucosidase (Figure 6b) and peroxidase (Figure 6b) 
had a nearly five fold increase in the same physical conditions. Extracellular trypsin 
(Figure 6b) and esterase (Figure 6c) had their specific activities relatively constant 
over the same period. 
Specific activities of intracellular enzymes glucosidase (Figure 7a)，acid phosphatase 
(Figure 7a), lipase (Figure 7b)，P galactosidase (Figure 7b) and esterase (Figure 7c) 
showed gradual reduction over the 20 days post-inoculation period. The specific 
activities of peroxidase (Figure 7b) and N-acetylglucosaminidase (Figure 7c) showed 
a three fold increase in the same conditions. Specific activities of trypsin (Figure 7a) 
in the cellular extract had no significant fluctuation. 
(ii) Quantitation of Cordycepin 
HPLC data on the analysis of cordycepin, including the relative retention time, 
linearity, precision, recovery and detection limit are tabulated in Tab le 3. 
Cordycepin became measurable at 0.30 ^ig/mL in RF broth on Day 4 by our HPLC 
method (Figure 8a) and the amount increased to 3.83 |igAnL on Day 16 reaching a 
plateau of about 3.00-4.00 ^ig/mL (Figure 8b)，However, no cordycepin was detected 
in the cellular extract of C. militaris. 
B. C. militaris infection of A. pernyi 
1. Percentage of parasitization by different induction methods 
Sixty uninfected pupae of A. pernyi in control group were kept at 23 °C under a 16:8 
light and dark regime. Approximately 50% (30/60) of the uninfected pupae became 
adults on Day 30. The percentage increased to 63.3 (38/60) on Day 45 (Table 4). 
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About 20% were found to have tissue necrosis under the same conditions upon 
examination on Day 60 and no untreated pupa had natural-bome cordyceps infection. 
The percentage of Cordyceps parasitization, mediated by cuticular contact, was 45.0% 
(27/60) upon examination on Day 15 when the pupae were kept at 23^C under a 16: 8 
light and dark regime (Table 4). The index dropped to 41.7% (25/60) on Day 30 and 
to 25.0% (15/60) on Day 45. The cases of the pupa with tissue necrosis increased 
from 6.7% (4/60) on Day 15 to 68.3% (41/60) on Day 45. The photograph showing 
the pupa with tissue necrosis was obtained in Figure 9. Only four out of the sixty 
treated pupae became adults in 60 days' examination. 
The pattern of the percentage of Cordyceps parasitization mediated by dipping and 
injection was similar. The percentage of parasitization decreased from 86.6% (52/60) 
on Day 30 to 46.6% (28/61) on Day 45 for dipping mediated infection, whereas it 
decreased from 58% (35/60) on Day 15 to 13.3% (8/60) on Day 45 for injection 
mediated infection. The cases of the pupa with tissue necrosis by dipping and 
injection mediated infection on Day 45, were 40.0% (24/60) and 53.3% (32/60) 
respectively. Eight out of the sixty treated pupae by the dipping mediated infection 
became adults in 60 days' examination. 
2. Morphological examinations of C. militaris infection 
(i) Gross infection of C militaris 
The unaided visual inspection of uninfected pupa was oval-shaped, light brown to 
brown in color, 7.3- 9.3 grams in weight, and 38.1- 44.8 mm in length (Figure 10) 
(Head: 14.7-18.6 mm, Thorax: 6.4-8.5 mm, Abdomen: 14.2-19.2 mm, n=50). The 
restricted locomotions of contraction and relaxation of the muscles in intersegmental 




Pupae suffering from cuticular-contact-mediated C. militaris infection showed 
ordinary locomotion without indicative symptoms at 23^C on Day 1-5. Infected pupa 
showed slight darkening of the cuticle on Day 3-7, giving hardened abdominal region 
as well as slight facial disfiguration on Day 6-20. Collapsed facial features, 
dehydrated cuticle surface and mummified body (Figure l l a ) were observed on Day 
10-30. The cuticle surface of the intersegmental gaps, spiracles and facial clefts were 
covered with white aerial fungal hyphae (Figure l l b ) at the same period and no 
further significant changes to the existing symptoms as noticeable from Day 25 to 50. 
Pupae suffering from dipping-mediated C. militaris infection showed heavy 
colonization by cottony white, aerial fungal hyphae on the cuticle surface of 
intersegmental gaps, facial gaps and spiracles (Figure 12a) at 23^C on -Day 2-4. 
Darkened, wrinkle and dehydrated cuticle together with mummified abdominal region -' 
of infected pupae were observed at the same period. Aged and scarcely grown fungal 
hypha were observed on the cuticle surface of the diseased host on Day 10-25 (Figure 
12b). No further pathological change was noticeable in addition to the existing 
symptoms on Day 25-50. 
(ii) Site susceptibility of A. pernyi to C militaris infection 
The intact cuticle, the cuticle of the intersegmental gap and the cuticle containing the 
spiracle were separately removed from the cuticular-contact-mediated C. militaris 
infected pupa after 4 days post-inoculation for SEM examination. The corresponding 
types of cuticles from uninfected pupa were prepared (Figure 13a-c) at the same 
conditions. 
Unswollen conidia (1.5-2.0 p.m in diameter) were observed in the samples of intact 
cuticle surface (Figure 14a)，whereas swollen conidia (2.0- 4.5 ^ m in diameter) with 
germ tubes ranging f rom 5 jam to 100 ^im were commonly found in the intersegmental 
gap at the same point (Figure 14b). It was shown that conidia deposited in an 
unpredictable fashion and the rate of differentiation was individual-dependent. For 
cuticle containing spiracle (Figure 14c)，the embedding of conidia into numerous 
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grooves adjacent to the spiracle and/or the feathery devices of a spiracle could be 
observed. 
(iii) Attachment of C. militaris 
The cuticles of intersegmental gap from the cuticular-contact-mediated C. militaris 
infected pupae 2 days after inoculation were examined by SEM. The cuticle showed 
the attachment of unswollen conidia (1.0-1.5 |j.m in diameter) and swollen conidia 
(1.5-2.0 ^im in diameter). A layer of matrix was revealed underneath the swollen 
conidia and in the vicinity (Figure 15) of the attached conidia 2-4 days post-
inoculation. The matrix was different from the insect exudates morphologically and it 
did not show to have any association with bacterial isolates harbouring the cuticle 
surface. 
(iv) Penetration of/4. pernyi by C militaris hyphae 
The cuticles of intersegmental gap from the pupa of cuticular-contact-mediated 
C. militaris infection at 23^C for 5 days were examined by SEM. Germ tubes on Day 
2-4 emerged from either one end of the spherical conidium (Figure 16a) or in the 
central of the rod-shaped conidium (Figure 16b). Germ tubes were shown to follow 
the topographic characteristics of the surface, extend and penetrate into the breached 
cuticle surface (Figure 16c-d). Degradation of the cuticle in the vicinity of growing 
germ tubes and distinctly depressed cavities were commonly found on the surface 
(Figure 16e). However, appressoriiim of C. militaris was not observed. 
(v) Utilization of^4. pernyi by C. militaris hyphae 
Transmission electron microscopy of the infected host showing penetration of hyphae 
of C. militaris into the cuticle of A. pernyi could not be achieved. Histological 
examination of the same materials showed that the ftingal elements of C. militaris 
(Figure 17a) were initially present in the fat tissue of the infected host on Day 10-15 
at 23^C. The fragmented hyphae, hyphal bodies and conidia, all of which had infected 
3 8 
Results 
the host, were found to grow in size and differentiate. Germ tubes aggregated to form 
clusters in the fatty body in the abdominal part of the host on Day 15-20 (Figure 
17b). Clusters then differentiated into fungal zones (Figure 17c) and extensions were 
noted (Figure 17d). The invading hyphae in the fungal zones, under microscopic 
examination, showed extension (Figure 17e) virtually to all other tissues of the 
diseased body. Fungal zones became significant in terms of number, size and 
intensity on Day 30-45 (Figure 17f) and substituted almost all the infected tissues 
(Figure 17g) on Day 35 -50. 
3. Biochemical examinations of C. militaris infection 
(i) Cordyccpin 
Cordycepin at concentrations of 0.085 ^ig/mL, 0.160 ^ig/mL and 0.195 f,ig/mL were 
detected in the hemolymph of infected A. pemyi at 15, 18 and 27 days post-
inoculation respectively, using the previously described HPLC method. However, the 
compound was not detectable in the homogenized infected tissue extracts of 
A. peryni. 
4. In vitro susceptibility testing of the microflora isolated from A. pernyi 
to cordycepin 
(i) Isolation and identification of microflora associated with A. pernyi 
Fourteen bacterial species were isolated from the cuticle surface and necrotic tissues 
of A. pernyi (Table 5a). The bacterial isolates harbouring the cuticle surface were 
Staphylococcus saprophyticus, Acinetobacter baumannii, Bacillus firmus, 
Pseudomonas cepacia, Enterobacter agglomerans, Erwinia spp, Xanthomonas 
maltophilia and Microccoccus varians. Bacterial isolates from the necrotic tissue of 
A pernyi included Pseudomonas vesicularis, Enterobacter agglomerans, 
Staphylococcus hominis, Hafnia alvei, Microccocus spp. Salmonella spp. and 
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Aeromonas spp. Bacteria were not found beneath the cuticle of A. pernyi and no 
fungus was isolated in all tested samples. 
(ii) Cordycepin susceptibility testing to microbes isolated from A. pernyi 
The fourteen bacterial species isolated from the uninfected cuticle surface and necrotic 
tissues of A. pernyi were found to be sensitive to gentamicin (<1.0 mg/L) and 
streptomycin (<16mg/L), but most of them were found to grow at the highest 
concentration of cordycepin (<512 mg/L) in IST agar medium at 23°C for 1 day 
(Table 5b). The MICs of cordycepin against P. vesiciilaris, S. hominis and H. alvei 
were 256 mg/L. Cordycepin was found to have no antimicrobial activity on Bacillus 






A. Biological characteristics of C. militaris grown in vitro 
1. Medium selection 
Information on the laboratory media for the growth of C. militaris has been scarce. 
Petch (1936) and Shanor (1936) had initiated the nutritional studies of C. militaris 
but their reports unfortunately have received little attention for about 30 years. It was 
not until the late 1960's when researches on the medium formulation for C. militaris 
were conducted (Basith and Madelin, 1967; Wang, 1988，1989; Chan and Ng 1992; 
Koon et ai., 1992; and Sung • et al., 1993). C. militaris was noted to grow 
vegetatively and produce conidia on about 30 different defined and semi-defined' 
mycological media. The present study tested the effect of the five mycological agar 
media, namely RF agar, SM agar, PD agar, SD agar and ME agar on the growth of 
C. militaris at 23^C for 28 days. RF agar (Table 1) was found to give the best 
growth of the fungus in terms of colony diameter (Figure 1) and conidia production 
(F igure 2) under the defined conditions. However, PD agar, SD agar and M E agar, 
determined as the best laboratory medium for C. militaris by Wang (1988,1989)， 
Chan and Ng (1992), Basith and Madelin (1967)，were not based on colonies 
diameter nor for the highest conidia production. The reason was possibly due to the 
varied nutrient requirements of different strains of C. militaris selected for growth 
experiments by the different research groups. Since C. militaris parasitized on a 
broad range of host-types (Seward and Tansley, 1922; Bell, 1974; Evans, 1988; 
Tanada and Kaya, 1990; Grey and Barker, 1993) and distributed world-wide (Mains, 
1958; Chu, 1987; Wang, 1988，1989; Wang et al., 1993; Grey and Barker, 1993; Sato 
et al., 1994; Wong, 1995，Sung et al, 1995; Jung, 1995; Harada et cd., 1995), the 
different nutrient requirements for different strains are reasonable. The present 
findings would be expected to become more reliable and significant since the colony 




C. militaris only grew well vegetatively and produced conidia on RF agar. The “ 
failure of obtaining fruiting body of C. militaris was thought to be dependent upon 
very special but unknown factors which were absent in the artificial media (Basith 
and Madelin, 1967). In fact, the minimal nutrient requirements for the growth of 
C. militaris, as recorded here and elsewhere in the literature, were simple and did not 
reflect the mode of parasitism in nature. Since no successful attempts have been 
reported in the preparation of laboratory-raised ascospores of Cordyceps for bioassay 
experiments, conidia of C. militaris were used to substitute for ascospores as the 
infective unit for our bioassay even though these two infective propagules might vary 
in terms of infectivity. 
• • .. • . . 
- • - • - i< 
2. Morphological characteristics of C militaris in RF medium 
When conidia of C. militaris were inoculated in RF agar and incubated at 23 ®C for 
28 days, anamorphic stage of C. militaris (Figure 3a-c) was obtained. Anamorph of 
C. militaris, in fact, has not been comprehensively studied. Petch (1936), Kobayasi 
(1941) and Liang (1990) have obtained Cephalosporium type culture f rom 
ascospores of C militaris whilst Basith and Madelin (1967) and Liang (1990) have 
obtained Paecilomyces type instead. In this study, the anamorphic stage of 
C. militaris, ATCC 34164，was Cephalosporium type as verified by the American 
Type Culture Collection and further demonstrated by their colony appearance 
(Figure 3a) and microscopic characteristics on RF agar (Figure 3b-c). 
After verification, studies on the morphological changes and their correlation with 
the production of cordycepin and enzymes in RF broth were undertaken. The 
morphological developments of the conidia of C militaris in RF broth at 23 ®C were 
initially categorized into seven morphological stages (Figure 4a-d) following the 
reported descriptions of the developmental classes of an entomopathogenic fiangus 
Beauveha bassiana in liquid culture (Bidochka et al., 1987). Our results indicated 
that the morphological features of C. militaris were similar to that of Beauveria 




different time schedules (Bidochka et al., 1987; Fargues et al., 1994). The time 
schedule for conidia development was usually subjected to nutrients provided in the . 
growth medium. Smith and Grula (1981) observed that glucose or other carbon 
source was initially required for germination whilst exogenous nitrogen source was 
additionally required for further extension. Since the growth media used for 
B. bassiana (Bidochka et al., 1987) and Paecilomyces fumoroseus (Fargues et al., 
1994) were peptone-glucose extract and ME broth respectively, where the nutrients 
provided were not the same as the RF broth used in our study, the variation on time 
schedule for the development of the mycopathogen is understandable. 
Appressoria, the infection-related structure, usually appeared at 16-36 hours after 
inoculation and exhibited as a terminal bulb of the growing germ tube of C. militaris 
,. ^ 
in RF broth (F igure 4b-c). The major functions of this structure were to synthesize, . 
concentrate and release the cuticle degrading enzymes on contacted substratum. 
Appressorium was thought to be sensitive to thigmotropic stimulation (Leger et al., 
1986a，1986b; Harpaz, 1987; Sayed et aL, 1989; Charnley and Leger, 1991; Leger et 
aL, 1991). In our study using RF broth, some conidia of C. militaris were observed 
to bypass developmental stage IV (the formation of appressorium) to stage V (the 
elongation of germ tube). The failure of obtaining appressoria might be possibly due 
to the nature of RF broth which did not provide positive thigmotropism for the 
development of appressorium. Smith and Grula (1981) and Woods and Gmla (1984) 
found that high levels of available nitrogenous compounds in the substratum would 
suppress the induction of appressorium and infection-related morphogenesis. 
Therefore, another possible reason for the absence of appresorium in our study might 




3. Biochemical characteristics of C. militaris in RF broth - enzyme production 
Different developmental stages of C militaris in RF broth, as mentioned previously, 
might be correlated to the production of extracellular enzymes during infection 
process in its host. Our studies on the potential ranges of enzymes in RF broth were 
addressed to the correlation with each developmental stage of C. militaris. Since 
there were no established method for the study of enzyme profiles of any Cordyceps 
species, our study on the enzyme profiles of C. militaris could only serve as primarily 
screening process before setting up the proper enzymatic assays. 
API Z Y M was applied to scan the enzyme profiles of the mature culture represented 
by the 13-day-old C. militaris in RF broth since the enzymes were undetectable in 
immature cultures before 13 days of growth. API ZYM itself was commonly used as 
a rapid method to differentiate different strains of entomopathogenic fungi through its 
characterized enzyme profiles (Table 2a) (Leger et al., 1986d, Bridge et al, 1993 
and Rath et cd., 1995). The established API ZYM profiles of other virulent 
entomopathogenic fungi, like Metarhizium anisopliae and Beauveria bassiana (Leger 
et aL, 1986d, Bridge et al., 1993 and Rath et al., 1995) could be used to compare to 
our findings. In our preliminary screening, cuticle degrading enzymes of C. militaris 
could not be obtained in the medium of 1% colloidal cuticle or 1% peeled insect 
cuticle as sole carbon source. Cuticle, in this case, served as an inducer for the 
potential range of cuticle degrading enzymes of C. militaris grown in basal medium. 
One percent cuticle was, in fact, commonly applied for successful enzyme induction 
of M. anisopliae, B. bassiana and V. lecannii (Leger et al, 1986a, 1986b, 1986c; 
Leger, 1993). However, no enzyme activity of C. militaris in cuticle medium was 
detected by API Z Y M in our study which might suggest that the cuticle medium was 
unsuitable for the induction of cuticle degrading enzymes of C. militaris. When the 
cuticle medium was substituted by RF broth, the specific activities of some enzymes 
became measurable by the same detection methods as previously mentioned. The 
detected enzymes (Table 2c) had no remarkable difference from the enzyme profiles 
of other entomopathogenic fungi (Leger et al., 1986a, 1986b，1986c; Leger, 1993; 
Sayed, et al., 1989) except the absence of endoprotease or aminopeptidase. It was 
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suggested that the penetrability of C. militaris was poor since the two missing 
enzymes were reported to play a critical role on the degradation of proteolytic 
complex and chitin components of the cuticle during penetration for M. anisopliae, 
B. bassiana and V. lecannii to its respective host (Leger and Vey, 1973 ； Leger et aL, 
1986a-c; Leger, 1993). Several groups of researchers (Dean and Domnas, 1983; 
Leger et al., 1986a-c, 1993; Sayed et al., 1989) found that the order ofappearance of 
the cuticle degrading enzymes of M. anisopliae usually corresponded to the sequence 
of cuticle components solubilized into cuticle culture medium. Since RF broth had 
little relevance to cuticle component, the sequential production of the detected 
enzymes (Figure 6-7) was unpredictable. However, it should be noted that the 
rapidity of the production of enzymes in general would be an obvious advantage in 
the pathogenesis of parasitization by providing the parasites their required nutrients 
• . 
and enabling the onset of cuticle penetration before host defenses became effective. 
In fact, enzymes detected in this study should not be regarded as cuticle degrading 
enzymes only as the applied substratum was RF broth instead of cuticle components. 
4. Biochemical characteristics of C. militaris in RF broth- cordycepin production 
Cordycepin has been isolated from a liquid medium growing C. militaris 
(Cunningham et aL, 1951). It was initially found to have growth inhibitory effect on 
many strains of Bacillus subtilus (Cunningham et al., 1951). Later cordycepin has 
received much attention because of its secondary metabolite demonstrated to have 
beneficial effect to human beings (Glazer and Kuo, 1976; Patil et al., 1983; Inoue et 
al., 1986; Hiraoka et a/.,1988, 1990; Zieve and Romer，1988; Montefiori et al, 1989; 
Muller et al, 1991; Aravindan and Vimala, 1991). 
Cordycepin, in this research, was employed as a marker to monitor the growth of 
C militaris in RF broth. Attempts were made to correlate the sequential production 
of cordycepin with the characterized developmental stages of C. militaris. The 
HPLC method developed in our study could successfully detect and quantitatively 
measure cordycepin with a detection limit ranging from 0.03-0.06 mg/L (Table 3). 
Our results from the analyses of the culture filtrates (Figure 8b) and cellular extracts 
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of C. militaris showed that the former sample contained cordycepin while the latter 
did not, suggesting that the production of cordycepin by the organism was secretory. 
Cordycepin, although detected in culture filtrates (Figure 8b) after the 4th day of 
culture, was undetectable in the first three days after inoculation. Since the 
distinctive developmental stages of C. militaris could only be identified in the first 
two days after inoculation, it would mean that there is no correlation between the 
developmental stages of the fungus and the production of this compound. 
B. C. militaris infection of A. pernyi 
1. Induction methods 
Theoretically, the infection process of mycopathogenic insect disease should not have 
any alteration and interference by different induction methods, and minimal 
interference was desirable irrespective of any method being applied. In our study, 
three induction methods, namely cuticular contact (Latge and Vey, 1974; Basith and 
Madelin, 1967; Sung et al., 1993), injection (Latge and Vey, 1974; Funk et al., 1993; 
Harada et al., 1995) and dipping (Wang, 1988-89; Shanor, 1936; Harada et al., 1995) 
were applied to induce C. militaris infection on its host since these methods have 
conventionally been applied in the induction of mycopathogenic infections. Our 
findings revealed that all three induction methods could successfully induce 
C. militaris infection on A. pernyi (Table 4). However, the number of cases with 
tissue necrosis were found to be significant in the infected samples when compared to 
those in the control group, reflecting the emergence of undesirable interference which 
was not expected in our original design. In fact, similar observations were 
encountered and revealed by other research groups (Wang, 1988，1989; Harada et al, 
1995) but no explanation nor even hypothesis was offered. 
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2. Host selection 
The host selection of C. militaris infection was basically dependent upon 
susceptibility and accessibility. The selected host types in other research groups 
included Galleha mellonella (Latge and Vey, 1974), Bombyx mori (Wang, 1993)， 
Antheraea pernyi (Chu, 1987; Koon et al., 1992; Wang, 1993), Tipula paludosa 
(Basith and Madelin, 1967)，Callosamia promethia (Shador, 1936)，Mamestra 
brassicae (Harada et al., 1995), Philosamia cynthia (Sung et al, 1995), and 
Ouadhcalcarifera punctella (Sato et al., 1994). In our study, all the insects listed 
above (except Bombyx mori and Antheraea pernyi) were inaccessible since they were 
legally categorized as exotic species and any form of trading was prohibited in Hong 
Kong. Besides, only female A. pernyi (Figure 10) was commercially available and 
was therefore selected as the host system in this study. Theoretically, both sexes of 
A. pernyi have equal chances in getting infected since C. militaris infection was not a 
female-related disease. Not only C. militaris was associated with the female 
oviposition activities but it also attacked the male A. pernyi at different growth 
stages. The infection process of C militaris in female A. pernyi, hence, was not 
biased. 
In fact, Armyworm, Spodoptera litural, was employed as the second host system to 
evaluate C. militaris infection in our preliminary study. The infection processes in 
the two host systems were expected to have variations which might help to measure 
and evaluate the infection process objectively. However, tissue necrosis were found 
in all infected samples oiS. litural rather than establishing C. militaris mycosis after 
60 days of incubation. The situation had not improved after considerable revisions 
on the incubation conditions, competent stages of the host system selection and 
induction methods. Therefore, failure in the establishment of C. militaris mycosis on 
S. litural was obviously related to the susceptibility of the host rather than the 
technical limitations. This finding inferred that some events in the infection process 
were obscure in the non-susceptible hosts or non-host systems. As a result A. peryni 




3. Site susceptibility 
A. pernyi was originally considered to be a susceptible host since particular body 
segments constituted as zones of weakness were heavily infected by C. militaris. Site 
susceptibility was noted primarily due to the topographic characteristics for the 
attachment of conidia physically and chemically (Samson et aL, 1990，Charnley and 
Leger 1991). Feathery devices of a spiracle obviously provided placements for 
conidia and its development. Intersegmental gap characterized with thin cuticle 
(Charnley and Leger, 1991) was penetrable for most cuticle penetrating fungi. This 
topographic characteristics of cuticle surface were one of the major reasons 
constituted as zone of weakness to the pathogen. In our study when the three 
topographic characterized cuticles of A. peryni were immersed into conidia 
suspension of C. militaris at 23^C for 24 hours and incubated for further 1-3 days, it 
was found that conidia preferentially germinated and developed rapidly in the 
intersegmental gaps (Figure 14b) and the cuticle with spiracle (Figure 14c) but not 
on the intact cuticle surface (Figure 14a), and these morphological findings 
concurred well with those reported in the literature (Samson et al, 1990, Chamley 
and Leger 1991). 
4. Attachment 
Successful attachment and development of conidia of C. militaris on intersegmental 
gap of A. pernyi were expected according to the findings of site susceptibility. 
Cuticles of intersegmental gap after immersion in conidia suspension of C. militaris 
and incubation at optimal conditions were found to be colonized with conidia of 
different developmental stages (Figure 14a-c). Besides, a layer of matrix was found 
to be associated with most of the swollen and germinating conidia (Figure 15)，but 
not to the cuticle harbored bacteria. Based on this observation, it is suggested that 
this layer of matrix was either secreted by the conidia or derived indirectly from the 
secreted substances which interacted with dissolved host surface but it was certainly 
not of bacterial origin. In fact, a matrix has been commonly reported to be associated 
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with O t h e r entomopathogenic fungi during attachment on their substrata (Boucias et 
al., 1988，Samson et aL, 1990 and Boucias et aL, 1991) and has been referred to be 
an important factor in the adhesion process. The layer of matrix reported was 
composed mainly of glycoprotein and these materials protected the infective unit 
both f rom desiccation and from potentially toxin elements on the cuticle surface. 
Certain glycoprotein might have an enzymatic function, possibly involved in the 
dissolution of the cuticle and the subsequent uptake of nutrients necessary for 
germination (Boucias et al., 1988; Samson et al., 1990; Boucias et al., 1991). At 
present, none of the commercially available FITC-lectin or ferritin-lectins can be 
applied to elucidate the compositions of the cell wall and the extracellular matrix of 
C. militaris (Boucias et al, 1991). Although the presence of a matrix similar to those 
reported in the literature was observed in tliis study (Figure 15), the. chemical 
composition could not be revealed and its function on attachment could only be 
projected. 
5. G e r m i n a t i o n 
Time for germination, mode of germination and the percentage of germination were 
of primary importance in determining success of the infection process. In vivo 
germinations of other entomopathogenic fUngi including Metarhizium anisopliae, 
Beauveria bassiana and Nomuraea fresenii were about 80% to nearly 100% in their 
respective hosts (Samsom et al., 1991). Usually in vivo germination, was found to be 
highly dependent on the nutrients present in the environment (Samsom et al., 1991). 
According to the nutritional studies on B. bassiana colonizing the cuticle surface of 
Heliothis zea, the presence of 17 amino acids, glucosaminidase, amines, and peptides 
on the insect cuticle surface and the solubilized nutrients were sufficient to initiate 
germination and development of most of cuticle penetrating pathogens (Woods and 
Grula, 1984). Apart f rom nutritional requirements, other possible reasons that might 
interfere in vivo germination included the availability of the water on the cuticle 
surface (Walstad et al., 1970; McDonald and Nolan, 1995); the presence of the 
fUngistatis exerted by cuticle harbored bacteria (Brooks, 1963; Boucias et al, 1988; 
Boucias and Pendland, 1991)，the presence of the inhibitory effect of cuticular 
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compounds (Latge et aL, 1987; Samson et al., 1991), and the lack of cuticle 
degrading enzymes (Boucias and Pendland, 1991; Leger et al., 1986 a-c; Sayed et aL, 
1989; Leger, 1991). In vivo germination of C. militaris on the intersegmental gap of 
Antheraea pernyi was found to be poor in our study in terms of both the number of 
germinated conidia and time required for germination. Germination of conidia on 
cuticle surface was only 60% after 48 hours post-inoculation which was significantly 
lower than the in vitro data of 95% germination within 32 hours post-inoculation in 
RF broth (Figure 5a). Although the conidia used for the in vivo experiments were 
taken from the same culture obtained in vitro, with their viability and abilities of 
germination verified, the difference in the percentage of germination recorded in vitro 
and in vivo existed, and perhaps such difference might only been explained based on 
the same hypothetical deductions reported in the literature (Brooks, 1963; Walstad et 
al., 1970; Woods and Grula, 1984; Leger et a / . ,1986 a-c; ,Latge etal., 1987; Boucias 
et al., 1988; Sayed et aL, 1989; Boucias and Pendland, 1991; Samson et al., 1991; 
Leger, 1991; McDonald and Nolan, 1995). 
6. Penet ra t ion 
In general, considerably limited penetration of C. militaris was observed on the 
intersegmental gaps of A. pernyi three days after inoculation (Figure 16). Based on 
the observation of the successful cases, the penetration of C. militaris was mainly 
attributed to the cuticle degrading activities of the germ tube which extended from 
either spherical conidium (Figure 16a) or rod-shaped conidium (Figure 16b). The 
germ tubes were observed to penetrate into the breached (Figure 16c) or dissolved 
(Figure 16d) external epicutice to the inner cuticle. The degradation of cuticle 
surface by the developing germ tube was noticeable. However, appressorium which 
recorded as a terminal bulb of the developing germ tube (Figure 4d) in RF broth, 
could not be observed and identified on the cuticle surface. It has been suggested that 
appressorium might not exhibit in the form of a terminal bulb on cuticle surface or 
the development was suppressed because of high nitrogenous compounds or other 
unknown elements on the cuticle surface (Chamley and Leger 1991). Since the 




appressorial cells (Leger et aL, 1986a, 1986b)，the absence of appressorium could 
explain the number of unsuccessful penetration of C. militaris in our study. 
In fact, our study on the penetrability of C. militaris was overestimated since the 
dipping-mediated infection method considerably damaged the cuticle surface of the 
uninfected samples in the control group (Figure 13b) during infection induction and 
in turn created zones of weakness. It was inferred that the breached sites in the 
infected samples could possibly not be due to the cuticle degrading activities of the 
pathogens but the infection induction process solely. Therefore, the dipping method 
facilitated indirectly the penetration of C. militaris which might not be true in natural 
conditions. 
Cuticle degrading enzymes, the important virulence determinants in 
entomopathogenic fungal infection, as mentioned, could not be detected in RF broth 
since the specific activities of the degrading enzymes in cuticle medium were 
undetectable by conventional enzymatic assays used. According to Okiidaira (1990) 
and Leger and associates (1986a，1991)，the insect cuticle was structurally composed 
of three layers, the outer layer was epiculticle composing of proteins, lipoproteins, 
phenolic compounds and lipids. It was about 1-2 ^m in thickness. The inner layer 
was epidermal cell overlaying with the procuticle, the middle layer with more than 
200^im in thickness. Procuticle is comprised of chitin fibrils embedded in a protein 
matrix, together with lipids and qiiinones (Smith and Grula 1981; Chamley and 
Leger 1991; Boucias et al., 1991). Since ultrastmctural examinations of the degraded 
cuticle could only provide hints for the presence of in vivo cuticle degrading 
enzymes, attempts were made to elucidate the characteristics of cuticle degrading 
enzymes in infected samples histochemically. Of the structural characteristics, we 
found that cuticle components were naturally resistant to the infiltration and 
dehydration steps in the routine TEM preparation, rendering the failure in samples 
preparation for embedding. The embedded cuticle was too hard to be sectioned. The 
situation has not been improved after considerable revision on the experimental 
procedures. Since the preparation of TEM section was not successful, the 
examination of in situ cuticle degrading enzymes could not be examined 
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histochemically and the characteristics of these enzymes therefore remained 
unknown. 
7. Tissue utilization by C. militaris 
The hyphae of C. militaris developed in the dipping-mediated infection model were 
found to utilize the tissues of A. pernyi under histological examinations. The insect 
tissues were found to be utilized rapidly by the invading fungal hyphae of C. militaris 
at 15-60 days after inoculation at 23^C with 16:8 light and dark regime (Figure 17a-
g). Since a large proportion of the internal tissue consisted of fat cell, the rapid 
release of lipase or esterase by the invading hyphae of C militaris would be 
expected, followed by specific differentiation or morphological modification of the 
invading hyphae (Smith and Grula 1981; Chamley and Leger 1991; Boucias et al, 
1991). Although we were able to demonstrate the invading hyphae at early and late 
stage of infection, no specific differentiation or morphological modification of 
invading hyphae were observed in the infected tissue from our study. 
In fact, some technical problems had been encountered in the preparation of 
C. militaris infected tissue for histological examinations. In the early stage of 
infection, only a small proportion of fat tissue in the infected insect body was utilized 
by the invading hyphae of C militaris and the fat tissue in the infected body was 
unable to be restored in tissue processing of formalin fixation. Therefore, a good 
section of the early-stage infected tissue could not be obtained as the fat tissue in the 
section was lost after the entire histological preparation. The situation was expected 
to improve when cryostat oriented tissue preparation was used. It is because the 
frozen fat tissue without formalin fixation is expected to have minimal damage and 
should be able to be retained on the slides. However, the jelly-like fat tissue was 
unfavorable to be frozen and the tissue architecture was distorted during 
decrystalization. The situation had not been improved after considerable revision of 
the experimental procedures and the application of cryostat-oriented tissue 
processing was eventually abandoned. Thus, the event of release of hyphal bodies of 
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C. militaris in the infected tissue, due to technical limitation, was unable to be 
demonstrated in this study. 
Of the late stage of C. militaris infection, infected host tissues under microscopic 
examination was found to be rapidly substituted by invading fungal hyphae of the 
pathogen (Figure 17e-g). The hyphae was virtually extended to all types of tissues 
of the diseased body. Technically, the fat tissue associated problems have not been 
encountered in the preparation of these sections. The reason was possibly due to the 
substitution o f f a t tissue by the invading hyphae of C. militaris. The non-utilized fat 
tissue in infected tissue was insufficient to cause the technical problem as specifically 
stated above. 
8. Sexual reproduc t ion ‘ 
C, militaris grew vegetatively in both the artificial medium, RF agar and the selected 
susceptible host, A. pernyi. Sexual reproduction was unable to be induced in all the 
artificial media used in our study. Sexual reproduction would be expected to be 
induced in a susceptible host, resulting in the emergence of fruiting bodies from the 
internal body of mummified infected host, however, different attempts made by 
various research groups (Latge and Vey, 1974; Chan and Ng, 1992; Koon et al., 
1992; Wang et al., 1993; Harada et al, 1995; Sung et al., 1995) to produce 
C, militaris fmiting bodies on artificially inoculated pupae of Mamestra brassicae, 
Bombyx mori, Quadricalcarifera punctella, Galleria mellonella in the laboratory 
remained poor. Harada and associates (1995) reported a successful trial of 
C militaris parasitization in M. brassicae being 13-78%, but no fruiting bodies were 
obtained in three other trials with 100 infected samples in total. Our study 
demonstrated a range of 13.3-86.6% of successful parasitization of C. militaris in 





9. C o r d y c e p i n 
Cordycepin was detected in the hemolymph but not in the homogenized tissue extract 
of infected A. pernyi, with the former collected at 15, 18 and 27 days post-
inoculation. In fact, the unexpected low amount of cordycepin and unpredictable 
fashion of sequential production of cordycepin was difficult to correlate with the 
defined developmental stages of C. militaris in the infected tissue of A. pernyi. Since 
cordycepin was stated to be produced by C. militaris in a nutritional environment like 
any artificial medium (Cunningham et al., 1995; Shiao et al., 1994)， it was expected 
to be produced in the infected tissue of susceptible host as well (Shiao et al., 1994). 
However, our results indicated that this compound is not being produced, if any, in 
the host tissue during infection. On the basis of our findings, the functions of 
cordycepin attributed to the infection process might be negligible since it was nearly 
undetectable in the infected tissue. In vitro cordycepin susceptibility to the cuticle 
harboring microflora of A. pernyi (Table 5a) revealed that pure cordycepin had no 
antibacterial activity, and therefore cordycepin should have no effect in the 
competition between C. militaris and the cuticle harboring microflora o f ^ . pernyi 
during the process of attachment and penetration. As no antibacterial activity of 
cordycepin could be demonstrated against the microflora isolated from the necrotic 
tissue of A. pernyi (Table 5a), cordycepin could not suppress the microbes which 
grew saprophytically in the C. militaris infected hos t . 
According to Cunningham and associates (1951), cordycepin was found to inhibit the 
growth of Bacillus subtilus at a concentration of 10- 100 ^g /mL in aqueous Bouil lon 
broth within 12-20 days after inoculation (Cunningham et al., 1951). However, the 
inhibitory effect of cordycepin against Bacillus subtilus could not be demonstrated in 
our susceptibility testing in which B. subtilus was used as a control strain, with MIC 
of cordycepin being 256 mg/L. Since there is a difference in the culture media used 
between our study and those reported, and that the results turned out to be in 




10. Host susceptibility 
. 
On the basis of the critical events in the infection process: prior-to-entry relationship 
(attachment, germination and formation of appressorium), penetration, host tissue 
utilization, sexual reproduction as well as the percentage of parasitization, the host-
parasite relationship between C. militaris and the pupal stage o f ^ . pernyi seemed 
indifferent although infection can be induced with eventual death of the host. 
C. militaris might be a weak entomopathogenic fungal pathogen and exercised its 
weak infection mechanism independently in all insect types, or it can become more 
virulent once a susceptible host type is encountered. Since no second host system 
could be successfully established in this research, no comparison between the 









C. militaris infection process in tissue and at cellular level was initially demonstrated 
and used as the framework to set up an infection model for evaluating other 
Cordyceps infection mechanisms. C. militaris infection in our studies had made 
numerous morphological, physiological and biochemical explorations to the 
parasitization in A. pernyi. Although the scope of the study did not allow us to enter 
into details of certain areas because some technical barriers had not been overcome, 
including the poor histological preparation of host tissue due to its special cell 
architecture, and the lack of suitable marker for monitoring the infection process in 
addition to the lack of correlation between the physiological and biochemical findings, 
the results obtained from both in vitro and in vivo settings were promising with 
particularly impressive observations on the morphological characteristics of the ‘ 
• ,.• 
infection process. This study, to a certain extent, has provided a better understanding . 
of the morphological adaptation of C. militaris in the progress of infection which had 
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Table 1: The ingredient of rabbit food pellet 
(PMI Feed Inc. No. 5326) 
Items Percentage (%) 
Crude Protein 14.0 
Crude Fat 1.50 
Fiber ( not less than) 18.75 
(not more than) 25.00 
Calcium (not less than) 0.90 
(not more than) 1.40 
Phosphorous 0.44 :: 
Salt ( not less than) 0.35 
(not more than) 0.85 
Vitamin A 6000 IU / lb 
Ash 10.00 
Added minerals 1.50 
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Table 2a : List of the designated enzymatic reactions of API ZYM strip 
No. Enzyme assay for Substrate 
1 Control ~ 
2 Phosphatase alcaline 2-naphtyl phosphate 
3 Esterase (C4) 2-naphtyl butyrate 
4 Esterase Lipase (C 8) 2- naphtyl caprylate 
5 Lipase (C14) 2-naphtyl myristate 
6 Leucine arylamidase L-leucyl-2-naphtylamide 
7 Valine arylamidase L-valyl-2-naphtylamide 





11 Phosphatase acid 2-naphtyl phosphate 
12 Naphthol-AS-BI- Naphtol-AS-BI-phosphate 
phosphohydrolase 
13 a galactosidase 6-Br-2-naphtyl-aD-
galactopyranoside 
14 p galactosidase 2-naphtyl-pD-galactopyranoside 
15 P glucuronidase Naphtol-AS-BI-PD-glucuronide 
16 a glucosidase 2-naphtyl-aD-glucopyranoside 
17 P glucosidase 6-Br-2-naphtyl-pD-glucosaminide 
18 N-acetyl- P- glucosaminidase 1 -naphtyl-N-acetyl-pD-
glucosaminide 
19 a mannosidase 6-Br-2-naphtyl-aD-
mannopyranoside 
20 cc fucosidase 2-naphtyl-aL-fucopyranoside 
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Table 2b: Enzyme activities o f l 3 -day-old culture of C. militaris 
in API ZYM strip at 3 7 � C for 5 hours 
No. Enzyme assayed for Reaction after 6 minute 
development 
1 Control *o 
2 Phosphatase alcaline 0 
3 Esterase (C4) 1-2 
4 Esterase Lipase (C 8) 1 -2 
5 Lipase (C14) 0 
6 Leucine arylamidase 0 
7 Valine arylamidase 0 
8 Cystine arylamidase 0 
9 Trypsin 1 
10 Chymotrypsin Q . . 
11 Phosphatase acid 4.5 
12 Naphthol-AS-BI-phosphohydrolase 3-4 
13 a galactosidase 0 
14 p galactosidase 1_2 
15 p glucosidase 0 
16 a glucosidase 0 
17 p glucosidase 1-2 
18 N-acetyl- p- glucosaminidase 2-3 
19 a mannosidase 0 
20 a fucosidase 0 
* Activity mark from 1- 5 is to indicate the increasing quantity of hydroIyzed substrate: 0: 0 




Table 2c: Total protein contents of cellular extract of C. militaris 
and in culture medium at 23 土 2°C for 20 days 
Total amount of protein * 
Day Cellular extract Cultural filtrate 
0 0.000 0.000 
1 0.126 0.890 
2 0.406 2.705 
3 0.739 2.827 
4 1.030 3.450 
5 0.963 3.595 …. 
6 0.984 3.545 ：： 
7 0.804 3.337 
8 0.849 3.130 
9 1.030 2.755 
10 0.950 2.145 
11 0.984 1.748 
12 1.093 1.858 
13 0.831 1.892 
14 0.915 1.804 
15 1.079 1.955 
16 0.979 1.937 
17 0.727 1.598 
18 0.737 1.533 
19 0.601 1.558 
20 0.619 1.698 




Table 3: Retention time, linearity, precision, recovery and detection limit 
of HPLC assay of cordycepin 
Cordycepin Retention Correlation Coefficient Mean Detect-
(Solvent) time coefficient ofvariation recovery ion limit 
(mm for linearity (%) for (%) (mg/L) 
±*S.D.) of precision 
calibration 
curves 
H2O 9 .75±0 .25 0.998 2.56 -- 0.03 
Rabbit food 9 .56±0 .11 0.997 1.15 95.83 0.03 
broth ‘ 
Hemolymph 9 .57±0 .18 0.997 1.88 91.67 0.06 
Cellular 9 . 5 8 ± 0 . 2 0 0.996 2.09 97.92 0.03 
extract of 
C.militaris 
Homogenized 9.54 土 0.24 0.997 2.52 87.50 0.06 
tissue extract 





Table 4: The percentage of parasitization of C. militaris • 
(Infection mediated by cuticular contact,dipping 
and injection methods) 
Control group (n=60) 
Day Cordyceps ~ Adult Tissue 
Infection Uninfected Emerged Necrosis 
W W (o/o) 
0 0 60 (100.0) 0 0 
15 0 59 (98.3) 0 1 (1.6) 
30 0 26 (43.3) 30 (50.0) 4 (6.7) 
45 0 0 38 (63.3) 12 (20.0) 
Cuticular contact mediated infection (n=60) 
~D^ Cordyceps “ Adult Tissue 
Infection Uninfected Emerged Necrosis 
(o/o) (o/o) (%) (o/o) 
0 0 60 (100.0) 0 0 
15 27 (45.0) 29 (48.3) 0 4 (6.7) 
30 25 (41.7) 0 3 (5.0) 32 (53.3) 
45 15 (25.0) 0 4 (6.7) 41 (68.3) 
Dipping mediated infection (n=60) 
Day Cordyceps Adult Tissue 
Infection Uninfected Emerged Necrosis 
W W W (o/o) 
0 0 60 (100.0) 0 0 
15 52 (86.6) 8 (13.3) 0 0 
30 52 (86.6) 8 (13.3) 0 0 
45 28 (46.6) 0 8 (13.3) 24 (40.0) 
Injection mediated infection (n=60) 
“ D a y Cordyceps Adult Tissue 
Infection Uninfected Emerged Necrosis 
(o/o) W W (%) 
0 0 60 (100.0) 0~ 0 
15 35 (58.3) 17 (28.3) 0 8 (13.3) 
30 18 (30.0) 2 (3.0) 0 40 (66.7) 




Table 5a: List of microbial isolates from A.peryni 
Microbes isolated from cuticle surface Microbes isolated from necrotic tissue 
of healthy A. pernyi of A. pernyi 
Staphylococcus saprophyticus Pseudomonas vesicularis 
Acinetohacter baumannii Enterobacter agglomerans 
Bacillus firmus Staphylococcus huminis 
Pseudomonas cepacia Hcifnia alvei 
Enterobacter agglomerans Micrococcus spp. 
Erwinia spp. Salmonella spp. 
Xanthomonas maltophilia Aeromonas spp. 
Microccocus varians ‘ 




Table 5b: In vitro susceptibility testing of the microbial isolates of 
A. pernyi to cordycepin, gentamicin and streptomycin 
Isolates Antibiotic 
Gentomicin Streptomycin Cordycepin 
(mg/L) (mg/L) (mg/L) 
Staphylococcus saprophyticiis < 0.12 2.00 > 512 
Acinetobacter baumannii 0.25 16.00 > 512 
Bacillus firmiis <0 .12 8.00 > 5 1 2 
Pseudomonas cepacia 0.25 16.0 0 > 512 
Enterobacter agglomerans < 0.12 1.00 > 512 � . • ‘ 
Erwinia spp. <0 .12 1.00 > 5 1 2 ‘ 
Xanthomonas maltophilia 1.00 8.00 > 512 
Microccocus varians 0.25 16.00 > 512 
Pseudomonas vesicidaris 1.00 1.00 256 
Enterobacter agglomerans < 0.12 1.00 > 512 
Staphylococcus hiiminis 0.50 4.00 256 
Hafnia alvei 0.50 2.00 256 
Micrococcus spp. 0.50 1.00 > 512 
Salmonella spp. 1.00 4.00 > 512 
Aeromonas spp. 0.50 2.00 > 512 
Bacillus siibtilus <0 .12 4.00 > 512 
Kcolil0418 <0 .12 1.00 > 5 1 2 
Staphylococcus aureus 6571 <0 .12 1.00 > 5 1 2 
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Figure 1: Comparison of the average colony diameter (R=10) of C. militaris 
in five selected mycological media at 23 °C for 28 days 
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Figure 2: Comparsion of the average conidia production (R=10) of C.militahs 
in five selected mycological media at 23 °C for 21 days 
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(Top view) (Reverse view) 
Figure 3a Photomicrograph showing the appearance of C. militaris grown in 
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Figure 3b Photomicrograph showing the conidiogenesis of C. militaris grown 
in RF agar at 23^C for 7 days and C. militaris was stained with 
lactophenol cotton blue, cp, conidiophore; p, phialdes; c,conidia. 
1 mm: 1.44 p,m 
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Figure 3c Photomicrograph showing the conidiogenesis of C. militaris grown 
in RF agar at 23 ®C for 9 days and C militaris was stained with 
lactophenol cotton blue, cp, conidiophore; c, conidia; p, phialdes. 





Figure 4a Photomicrograph showing the emergence of unipolar germ tube 
from the spherical conidium of C militaris (Stage IV), appeared in 
shaken RF broth 20 hours post-inoculation. The conidium and 
germ tube were stained with lactophenol cotton blue. 
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Figure 4b Photomicrograph showing the emergence of dipolar germ tubes 
from the spherical conidium ofC. militaris (Stage IV) appeared in 
shaken RF broth 22 hours post-inoculation. The conidium and 
germ tubes were stained with lactophenol cotton blue. 







Figure 4c Photomicrograph showing the emergence of unipolar germ tube 
and the formation ofappressorium from the spherical conidium of 
C. militaris (Stage IV) appeared in shaken RF broth 18 hours post-
inoculation. The conidium and germ tube were stained with 
Iactophenol cotton blue, a, appressorium. 
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Figure 4d Photomicrograph showing the emergence of dipolar germ tubes 
and the formation of appressorium from spherical conidium of 
C.militaris (Stage IV) appeared in shaken RF broth 36 hours post-
inoculation. The conidium and germ tubes were stained with 
lactophenol cotton blue, a，appressorium 




Figure 5a: Average germination 0^=300, R=3) ofC. militaris in shaken RF 
broth at 100 rpm, 2 3 ¾ with 16:8 light and dark regime for 50 hours 
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Figure 5b: Average fungal biomass of C. militaris (R=3) in shaken RF broth 
at 100 rpm, at 23°C with 16:8 light and dark regime for 50 hours 
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Figure 5c: pH of the shaken C militaris culture at 100 rpm, 23°C with 16:8 
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Figure 6a: Extracellular acid phosphatase, B-galactosidase and lipase 
activities of C. militaris in RF broth at 23 °C for 20 days 
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Figure 6b:Extracellular peroxidase, B-glucosidase and trypsin activities of 
C.militaris in RF broth at 23 °C for 20 days 
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Figure 6c: Extracellular N-acetylglucosaminidase and esterase activities of 
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Figure 7a: Intracellular acid phosphatase, 5-glucosidase and trypsin activities 
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Figure 7b: Intracellular peroxidase, 5-galactosidase and lipase activities of 
C.militaris in RF broth at 23 ^C for 20 days 
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Figure 7c: Intracellular N-acetylglucosaminidase and esterase activities of 
C.militaris in RF broth at 23®C for 20 days 
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Figure 8a Representative chromatograms of RF broth and ‘ 
the separation of cordycepin in RF broth • 
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Figure 8b: HPLC assay of cordycepin in 3 mL shaken culture of C. militaris 
at 23^C with 16:8 light and dark regime for 20 days 
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Figure 9 Photograph showing the features of necrotic tissue ofA. pernyi 
(back side), independent to C. militaris infection. 1 mm: 0.37mm. 
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Figure 10 Photograph showing the morphological features of a healthy, 
uninfected female pupa, A, pernyi (back side), h, head; t, thorax; 




Figure 11a Photograph showing the cuticular-contact-mediated C militaris 
infection onA. pernyi (lateral side) at 2 3 ^ for 15 days, s, spiracle; 
fra, fungal mycelia ofC.militaris. lmm: 0.37mm 
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Figure 11b Photograph showing the cuticular-contact-mediated C. militaris 
infection on A. pernyi (lateral side) at 23^C for 30 days, fm, fungal 
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Figure 12a Photograph showing the dipping-mediated C, militaris infection on 
A pernyi (front side) at 23^C for 5 days, fm, fungal mycelia of 
C. militaris. lmm: 0.37mm 
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Figure 12b Photograph showing the dipping-mediated C. militaris infection on 
A. pernyi (lateral side) at 23^C for 40 days, fm, fungal mycelia of 
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Figure 13a SEM micrograph showing the intact cuticle surface of uninfected 
A. pernyi Bar: 10 ^im. 
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Figure 13b SEM micrograph showing the cuticle of the intersegmental gap of 
uninfected A. pernyi. Bar: 10 ^im. 
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Figure 14a SEM micrograph showing C militaris infected intact cuticle of 
A pernyi. The infection was dipping-mediated and the cuticle was 
incubated at 23 C for 3 days, gc, germinating conidium. 









Figure 14b SEM micrograph showing the C. militaris infected intersegmental 
gap o f A pernyi. The infection was dipping-mediated and the 
cuticle was incubated at 23^C for 3 days, fh, fungal hyphae, 






Figure 14c SEM micrograph showing C militaris infected feathery devices of 
a spiracle of A. pernyi. The infection was dipping-mediated and 
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Figure 16a SEM micrograph showing the emergence of germ tube from 
spherical conidium of C. militaris on the cuticle of intersegmental 
gap. The conidia were inoculated by dipping induction method 
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Figure 16b SEM micrograph showing the emergence of germ tube from rod-
shaped conidium of C. militaris on the cuticle of intersegmental 
gap. The conidia were inoculated by dipping induction method and 
the cuticle was incubated at 23^C for 3 days. Bar: 1 ^im. 
y 
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Figure 16c SEM micrograph showing the penetration of C. militaris to 
breached cuticle of intersegmental gap. The conidia were ioculated 
by dipping induction method and the cuticle was incubated at 23®C 
for 3 days. Bar: 1 ^im. 
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Figure 16d SEM micrograph showing the penetration of C. militaris to 
dissolved cuticle ofintersegmental gap. The conidia were 
inoculated by dipping induction method and the cuticle was 
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Figure 16e SEM micrograph showing the degradation of intersegmental gap 
cuticle in the vicinity of growing germ tube. The conidia were 
inoculated by dipping induction method and the cuticle was 
incubated at 23 ®C for 4 days. Bar: 1 ^m. i' 
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Figure 17a Photomicrograph showing the utilization of tissue at the abdomen 
(cross-section) o f A pernyi by the hyphae of C. militaris for 10 
days. Fungal elements were stained with Grocott Silver Stain and > 
shown black colour, lmm: 1.44 p,m. 
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Figure 17b Photomicrograph showing the utilization of tissue at the abdomen 
(cross-section) o f A pernyi by the hyphae of C. militaris for 15 
days. Fungal elements were stained with Periodic Acid Schiff and 
shown bright pink colour, l m m : 7.21 ^im. 
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Figure 17c Photomicrograph showing the utilization of tissue at the abdomen 
(cross-section) ofA. pernyi by the hyphae of C. militaris for 20 
days. Fungal elements were stained with Periodic Acid Schiff and 
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Figure 17d Photomicrograph showing the utilization of tissue at the abdomen 
(cross-section) o f A pernyi by the hyphae of C, militaris for 25 
days. Fungal elements were stained with Periodic Acid Schiff and 
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Figure 17e Photomicrograph showing the utilization of tissue at the abdomen 
(cross-section) ofA. pernyi by the hyphae of C. militaris for 25 
days. Fungal elements were stained with Periodic Acid Schiff and 
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Figure 17f Photomicrograph showing the utilization of tissue at the abdomen 
(cross-section) o f A pernyi by the hyphae of C. militaris for 30 
days. Fungal elements were stained with Periodic Acid Schiff and 
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Figure 17g Photomicrograph showing the utilization of tissue at the abdomen 
(cross-section) o f A pernyi by the hyphae of C. militaris for 35 
days. Fungal elements were stained with Periodic Acid Schiff and 
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